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6.

CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

degrees 0.01t45329 radians

feet 0.3048 meters

feet/pound(I13) 0.3967012 meters/klcogram(I13)

inches 2.54 centimeters

inches 25.4 milhimeters

kilobars 100.00 megapascals

kips (force) 4.448222 (1,000) newtons

kips (force)/inch2  6.894757 megapascals (or Nl/m2 )

pounds (force)/inch2  0.006894757 megapascals

pounds (mass) 0.4535924 kilograms .,

pounds (mass)/inch2  27.6799 grams/centimeters 3

xiii



SPALL DAMAGE TO CONCRETE STRUCTURES

PART I: INTRODUCTION

Backaround

Spall is defined as the ejection of fragments of a structural ele-

ment from the opposite side from which the structural element wa- im-

pacted or impulsively loaded. In this study, the structural elements

were made of reinforced concrete and the loads were applied by airblast

and, for eased charges, bomb fragment impacts from nearby bomb detona-

tions (Figure 1.1). Spall fragments can have large velocities if the

loading is severe and of short duration. Spall with large velocities

can severely damage equipment and personnel. Spell weakens the struc-

tural element, and is often one of the major steps during breach or per-

foration of a structural element.

Although spall is a very important design consideration for struc-

tures which could be subjected to nearby bomb detonation, there is very

little design guidance for predicting or preventing spall. Recent tests

of NATO structures (References 1 and 2) indicate that most of the spall

prediction methods that do exist are not always accurate. The Depart-

ment of the Army, Office, Chief of Engineers (OCE), funded a series of

studies entitled Deliberate Hardened Facilities at the US Army Engineer

Waterways Experiment Station (WES) to improve design procedures for

semi-hardened and hardened facilities. Presented herein are the results

of the spall study of the Deliberate Hardened Facilities program.

Objectives

The objectives of this study were to review the theory of spall of

reinforced concrete caused by nearby detonations, to evaluate existing

spall prediction methods, to investigate parameters which were suspected

to affect spall, and to improve prediction methods, if possible.



ADproach

The theory of spal' of reinforced concrete caused by nearby detona-

tions was reviewed in all the relevant literature which could be found.

Existing spall prediction methods were also reviewed aiL, evaluated.

Forty tests were conducted wIth various bare and cased bombs at

various standoff distances from various types of reinforced-concrete

walls. Twenty-nine of the tests were instrumented with active and pas-

sive gaqes and high-speed photography to obtain data on loading and re-

sponse of the walls. Additional data from other tests with detonations

of bombs near concrete structures were also collected in a literature

search. The data were analyzed, the spall theory was improved, and

spall prediction methods were improved.
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PART IT! THEORY

Definition of Spall

As stated in the Introduction, spall is defined as the ejection of

fragments of a structural element from the opposite side from which the

structural element was impacted and/or impulsively loaded. Basically,

when a solid is impacted or impulsively loaded, stress waves are induced

at the load-material interface and propagate through the material away

from the load source (Figure 2.1a). When a stress wave reaches a free

surface, it will reflect (Figure 2.1b). During r~flection, the front

reflected por'tion of the stress wave combinms with the back incident

portion to form a net stress wave. If the net stresses exceed the dy-

namic tensile strength of the material for a long enough time, the mate-

rial will crack (Figure 2.1c). The impulse of the portion of the stress

wave trapped between the crack and the back free surface equals the mo-

mentum imparted to the cracked off portion in the direction away from

"the structural element. However, forces such as bond, shear around the

periphery of the cracked off portion, and mechanical interlocking resist

against the cracked off portion separating from the structural element.

If the tioapped impulse is areat enough to overcome these resistive

forces, the cracked off part separates from the backside of the struc-

tural element at some velocity (Figure 2.1d). The actual momentum of

th3 spall is equal to the trapped momentum less the impulses of the

resistive forces. The remaining portion of the stress wave not trapped

in the spall will reflect off the newly formed free surface (Fig-

ure 2.ld). If net stresses are again great enough to crack the material

and overcome the resistive forces a second layer of spall will separate

from the wall. This process will repeat itself until either the

remaining stress wave cannot cause spall or the structural element is

breached. Spall is a very complex phenomenon. The number of spall

layers, spell depths, and spall velocities all depend upon the shape,

"magnitude, and angle of incidence of the stress waves; upon the dynamic

tensile strength of the structural material and upon the resistive

forces against spall.

This is a study of spell of reinforced concrste structural elements

4i



caused by airclast 1oadings or combined airblat•t loadings and bomb

fragment impacts from nearby bare or cased bomb dctonations, respec-

tively. In order to analyze this type of spell, one has to determine

the airblast and bomb fragment impact loads; the angle of incidence; the

changes in magnitudes and shapes of the stress waves as they propagate

through the concrete; the net stresses during reflection; the dynamic

tensile strength and ductility of the concrete element; and the dynamic

bond, shear, and mechanical forces, which resist spall of cracked

concrete.

Airblast Loads

There is a lot of information on airblast loads caused by common

geometries of common explosives. Most people who are concerned about

the design of st;ruutures for protection against nearby bomb detonations

are familiar with airblast loads from bomb detonationm'. A brief
overview of airblast loads is given below. For more details refer to

References 3 and 4.

The magnitude and distribution of the airblast loads on a structure

are a function of the type of explosive material, weight of explosive,

shape of th4 bomb, thickness of casing, distance and location of the

bomb relative to the structure, and the interaction of the shock front

with the ground and the structure. Typical pressure-time histories for
free-field and reflected airblast are shown in Figure 2.2. Most infor-

mation on airblast loads is empirical. The most extensive data on air-

blast load parameters are for bare spherical TNT airbursts (Figure 2.3)

and bare hemispherical TNT surface bursts (Figurc 2.4). Airblast

parameters can be scaled and plotted versus the scaled standoff dis-

tance, (F/WI/ 3 ). The curves start at a scaled standoff distance of

about 0.41 ft/lb I3 . This is because the loadings of very close or con-

tact ch"arges are extremely severe and very difficult to measure. TNT is
used as the standard or reference explosive for equating the airblast
parameters of othir explosivos. The averaged free air equivalent

weight.i of TNT required to produce the same peak pressures or impulses

produced by unit weights of various types of explosives are given in
Tabl-, 2.1 (Reference 5). There arn not many data on other shapes of

5



bombs nor geometries, so most airblast parameters are approximated by

the most similar of either spherical free airburst or hemispherical sur-

fa,.e bursts. Airblast parameters are different for cased charges than

for bare charges because of the energy required to break up the casing.

The equivalent bare charge weight (Weq) for a cased charge is given by

the equation:

Weq = C (eq 2.1)

where W is the actual charge weight, C is the case weight, and J

is equal to the lesser of C/W and 1.0 (Reference 6). When an airblast

wave impinges on a rigid surface at some angle, it is reflected and the
pressures on the surface increase over those in the incident wave (Fig-

ure 2.2). The magnitude of the peak reflected pressure is a function of

the peak incident pressure and the angle of incidence. Normal reflected

peak pressures are given in Figures 2.3 and 2.4. The ratios of re-

flected pressures to Incident pressures for various angles and pressures

are given in Figure 2.5.

The pressure-time history of an applied airblast load can be ap-

proximated by equations. A loading front is usually so abrupt that it

can be approximated by tho linear equation:

P r(t t) for ta S t 1 ta + tr (eq 2.2)

(t) tr

where

P(t) = pressure as a function of time (t)

P = the peak reflected pressure

ta = the time of arrival

tr = the rise time.

No information on approximating rise times was found in the literature

search. The equation tr = 0.24t roughly approximated the rise times

of the airblast loads in this test series. The rise times for nearby

detonations are usually very short in comparison with the positive pres-

6



sure duration (td) and are usually assumed to be zero. The three most

cximon equations for approximating the unloading portion of an airblast

load are the linear decay, exponential decay and modified vriedlander

WK equations. The linear decay equation is:

Pr(td + ta -t

P(t) ( for (ta + t) S t S (t + td) (eq 2.3)
d -rra

The exponential decay equation is:

-b(t-t-tr )
P =P exp for (t + t S t S (t + t (eq 2.4)
(t) Pr 8 r a td)(q24

where b is solved for by either using a known pressure-time point in

the equation or by iteration in the total reflected impulse (Ur)
equation:

r 2 r tr +- l - (eq 2.5)

The modified Freidlauder equation for unloading is:

P(t) = t t

a ra d
for (t a + t r) S• t S (t a + t d) (eq 2.61

where b is solved for by iteration in the total reflected Impulse

equation:

r 2Ptr + Pr Et -t )/b 2 (eq 2.7)

'r -2 r r r d - r d r

.'.i+ (td t) (exp'b)/b]
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An airblast loading can be determined for most commn explosives

and simple geometries. However, airblat loadtings from contact or near

contact charges, unusual explosives, bombs with shapes much different

than spherical or hemispherical, or multiple reflections are very diffi-

cult to determine.

Bomb Fra~ent Loads

A casing or container of metal around an explosive will break Into

many relatively mall, random size, high-velocity fragments upon detona-

tion of the explosive. Detonation of a cased bomb near a structure will

result in multiple fragment impact loads as well aý airblast loads on

the structure. The sum of all the fragment impact loads on a nearby

structure is a large portion of the total load applied to the structure.

The loads at the points of individual bomb fragment impacts are u3ually

quite intense and cause localized damage. Most bomb fragments from

nearby detonations penetrate concrete structural members upon impact and

cause scabbing of the surface concrete around the penetration holes.

Most of the fragments from cylindrical bombs usually radially disperse

at very high velocities from the sides of the bomb and impact a nearby

structure in a concentrated zone of maultiple fragment impacts with a few

random fragment impacts around this zone (Figures 1.1 and 2.6). Spall-

Ing often occurs on the opposite side of a concrete structural member

from that which received maltiple bomb fragment impacts.

Most of the bomb fragment characteristics which can be .emesured in

the free field with high-speed photography and witness plates, have been

extensively studied. However, no one has been able to measure the load-

time histories applied by bomb fragments at the fragment-ooncrete inter-

face. As a result, there are fairly reliable empirical equations for

predicting free-field bomb fragment characteristics, but only unverified

theoretical equations for applied loads by bomb fragments. The ome•on

empirical equations for free-field bomb fragment characteristics are

briefly reviewed below and the theoretical equations for fragment ap-

plied loads are discussed afterwards.

The following empirical equations for free-field bomb fragment

characteristics were obtained from References 7 and 8, and are presented

• 8
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here for convenient reference. The equations are for bomb fragments

from high-order detonations of evenly distributed explosives In oylin-

drioal, mild steel, uniform thickness casings. The fragment mass dLs-

tribution is given by:

ln(Nf) - ln(C'HA) - (eq 2.8)

where

w N - the number of fragments with weights greater than a given
fragment weight (Wf) In ounces

C
C' - fragment distribution constant -3

C - total casing weight in ounces A

M - (Wf)0.5 in ounces80 5

MA - fragment distribution parameter - B t• d di

in ounces0.5

to - average casing thickness in inches

di - average inside diameter of the casing in inches

B - explosive constant from Table 2.2.

The average fragment weight (Wf) is:

-f = 2MA2 (eq 2.9)

The initial fragment velocity (Vo) is given by:

vo- G o1/ 2 (eq 2.10)
I+0.5W/C)

where

G = the Gurney explosive energy constant in feet per second
obtained from Table 2.2

W - the weight of the explosive in ounces

C - weight of the casing in ounces.

The fragment striking velocities (V,) vary with distance as a function

of:

-0. O04RIW113

V5 - Vo exp (eq 2.11)

. ,
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LA
where

R - distance from the detonation in feet

W. - fragment weight in ounces.

Figure 2.7 shows V3lVo versus Wf for various R. Reference 8 states

"...within a short distance from the detonation, usually 20 feet, the

striking velocity can be assumed to be equal to the initial velocity."

The load-time history applied by a bomb fragment as it penetrates a

concrete element is difficult to measure. However, based upon the large

momentums of most bomb fragments, the severe damage to concrete in areas

around bomb fragment impacts and the stresses measured in the concrete

at some distance from the impact areas - the applied load-time histories

are believed to be extremely high (many kilobars) and of very short du-

ration. An unverified theoretical method is the only method of approxi-

mating the load-time histories applied by bomb fragment impacts. Since

bomb fragments usually penetrate concrete upon impact, a penetration-

resistive force theory will be ured. A summary of existing theoretical

methods in penetration mechanics is given by Backman and Goldsmith in

Reference 9. They observed that the penetration process is a compli-

cated phenomena that depends upon many parameters, some of which are

difficult to control. One of the popular theories is the Separable

Force Law Theory postulated by Beth in Reference 10. The theory is that

the resisting force against a penetrating body at a given instant is a

function of its current velocity and current depth of penetration. Ref-

erence 8 developed the following equation for predicting bomb fragment

penetration into concrete (Xf) based upon Beth's theory and empirical

data:

Xf. 2 d1d V0 9  for 0 9x 9 2d

or (eq 2.12)

X- KND d V + d for x > 2df

where

Xf - total penetration depth in inches 2.8 1.8
-6.53 inch sec

K-concrete penetrability constant - 18
Vf pounds kilofeet

V - concrete uniaxial compressive strength in ksi

N - nose shape factor = 0.72 + 0.254n - 0.25

10
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n = caliber radius of the tangent ogive of the fragment (0.5 for
standard fragment shape)

D -Caliber density of the fragment a 16d 3  ounces

WE x fragment weight in ounces

d = diameter of the fragment in inches

V5 = striking velocity of fragment in kilofeet/sec

An equation for pressure (Pf) on the projected front of the fragment was

derived from equation 2.12 and other relations and is:

47.79 ff' 0.2 0.2

d0  kft0

G•z) (lb) (kft)1.8 0.1111
1 .8 1 d' in. 2 8 (seW)1.e r" (eq 2.13)
IV ~5.51785 d 0  Din (e)

where
47.79,/Flo

d0 .2 - empirical factor based upon concrete penetrability
and the assumed standard nose shape.

g(z) = the depth dependent factor = z/2.0 for 0 . z . 2.0 or

1.0 for 2.0 < z < total penetration depth

z = x/d caliber penetration

x = depth at time t during penetration

i.8 iY!G(Z) :r" e lb kft1"8 O1]

0.2 2.8 1.8v;r
[Vai. 5.51785 d D in. sec

:velocity dependent factor

G(z) z2/4 for 0 S z j 2.0 or
z - 1 for 2.0 < z < total penetration depth

and the other variables were described above.

The equations for time (t) at a given depth during penetration were

derived by double integration and are:

11



1.89 x kft "81..8 kf 8 ounces

10,680 V3 6 ThT in Wpse
* S

x kft

1.8
10,680 V8  in.

i ... 2 0.445
/(1.8 0"725• 0O8 x2  18 0- ___________kft I ounces

f " -Wt in.

f or 0 x • 2d (eq 2.14a)

or

(0.000064559 0.8

'ýf-' d1.9kftO. ounces

2.8w 0.445. "' 0.1006i d 2.8 1 .8 0.445S.oimces kftI - 1.

•..., Wfki/kp sec." In.I7•

d-"i o..I. - .+ t2d(2.90063 x. ounces kft 1 8  1.8

for 2d < x Xf (eq 2.!4b)

[K ,where[ •. t - time at a given depth during penetration in seconds

t2d - time at a penetration depth of 2d evaluated in
ti equation 2.14a

Although the above equations are unverified approximations of theSpressure-time histories applied by bomb fragments as they penetrate
concrete, they are based upon equations which predict penetrations quite

. well. The peak pressures are usually extremely high compared with the

dynamic compressive strength of the concrete. As a result, the induced
stress waves in the concrete change rapidly as they propagate through

the concrete failing it.
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Combined Loads

Once the various airblast loads, multiple fragment loads, and the

times at which they are applied have been determined, they must be com-

bined to determine the total load-time history. An airblast wave decel-

erates with distance at a greater rate than bomb fragments as they

travel through air. Therefore, the greater the standoff distance from

the bomb, the greater the difference between the arrival times of the

fragments and airblast. Combined loads from cased charges are quite

complex and are urially very severe in the zone of multiple impacts.

Induced Stress Waves

When a solid material is impacted or impulsively loaded, two forms

of stress waves are induced at the load-material interface and propagate

through the material away from the load source. One of these stress

waves is a primary or longitudinal wave and the other is a shear or

transverse wave, The primary wave causeM particle motions in the same

direction which it propagates and can be either tensile or compressive

in nature. The primary stress (a) is related to the longitudinal par-

title velocity (VL) at a given point by the equation:

Sp c V (eq 2.15)

where

p a material mass density

c a the longitudinal propagation velocity

The propagation velocity o varies with material properties as given in

SF3K( - "]1/2
c -Lp(1 + 'J (eq 2.16)

where

K a bulk modulus

v = Poisson's ratio

The shear wave causes particle motions perpendicular to the direction

which it propagates and causes shear strains. The shear stress T is
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related to the shear particle velocity (Vt) at a given point by the

equation T - pc V where ot is the shear, propagation velocity.
t

act varies with material properties as given by:

3K(1 - 2v) 1/2+tI[K! I)J (eq 2.17)
1 /2

a is faster than ct by a ratio of v 1 2 (eq 2.18)a t (1 (2018

Stress waves are usually described in terms of either stress versus time

at given points or stress versus distance at a given time. The dura-
4 ion td of a primary stress wave is related to the wave length X by

dd -
the ecuation =

Bomb fragment impact and/or airblast loads induce primarily com-

pressive primary waves and shear waves in structural members. The

negative tail of an airblast wave is much smaller than the dynamic

tensile strength of concrete and is ignored. The primary wave travels
faster than the shear wave so it reflects off the back free surface

before the shear wave. The portion of a structure with the lowest angle

of loading incidence will receive the severest loading. At low angles

of loading incidence, Lhe inauced compressive primary wave will reflect

much higher tensile stresses than a shear wave. Thus the compressive

primary wave is usually of main concern in spall analysis.

Changes in Stress Waves as They Propagate
through Concrete

Stress waves change in magnitude and shape as they propagate

through real materials. Once the stress waves induced in concrete by

the applied loads are known, the changes in the stress waves as they

propagate through the .concrete, reflect and cause spall must be de-

termined. The most commOn causes of change to stress waves in concrete

are different stresses propagating at different velocities, attenuation,

divergence of the wave energy over an expanding wave, and dispersion of

stress waves upon striking air voids, reinforcing steel, or other

imperfections.

Different stresses above the Hugoniot Elastic Limit propagate at

different velocities. The longitudinal propagation velocity (c) of a

14
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stress through a material varies with the bulk modulus, Poisson's ratio

and density of the material by the relation given in equation 2.16. The

bulk modulus is the slope of a Rankine-Hugoniot (or just Hugoniot

curve). A Hugoniot curve is the locus of final stress - volume strain

states that can be reached from an initial impulsive load. Figure 2.8

is a Hugoniot curve obtained from Reference 11, based upon tests on

4,000 to 6,000 psi concrete. The bulk modulus is constant for stresses

below the Hugoniot Elastic Limit (HEL), but varies for stresses above

the HEL. H. E. Read and C. J. Maiden assumed an HEL of about 1 kilobar

(14,700 psi) for the curve shown here. The bulk moduli at stresses just

above the HEL are abruptly much less than the elastic bulk modulus. The

bulk moduli gradually increase with increased stresses above the HEL.

At the hydrodynamic limit (a ) the bulk moduli start to exceed theIB

elastic bulk modulus. This point is approximately 16 kbar on the given

curve. Thus, if the peak stresses are below the HEL, and the changes ir

p and v are negligible, the propagation velocity will remain con-

stant. If the peak stresses are between the HEL and the hydrostatic

limit, the stress wave will separate into an elastic precursor,

propagating at a constant elastic velocity, and a deformational shock

wave with different stresses propagating at different velocities (Fig-

ure 2.9). If the peak stresses are above the hydrostatic limit, the

deformational shock will travel at velocities greater than the elastic

velocity and overtake the elastic wave so that a single shock wave is

formed. Figure 2.9 illustrates an example of how a atress wave, with

stress propagating at different velocities, changes shape as it travels.

Attenuation is the weakening of a stress wave as it does work on

the material through which it propagates. The amount that a stress wave

attenuates depends upon the amount of work it performs. W. Goldsmith

states in Reference 12 that "... any material will behave as an elastic

solid below a certain characteristic level, will exhibit attenuation

above this level, but will regain its elastic behavior upon saturation

of microscopic structural design." In other words, stress waves with

stresses below the dynamic elpstic limit of concrete will attenuate at

very small rates, but stress waves with peak stresses above the dynamic
elastic limit will attenuate rapidly by using energy to plastically

deform and/or fracture the material. Unfortunately, there is very
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little information on the rates of attenuation of plastic stress waves
on concrete. J. S. Rinehart proved in Reference 13 that a simple square

stress wave will shorten in height and lengthen in duration as it

attenuates. A similar effect has also been observed in measurements of

other various forms of stress waves. A drawing of how a stress wave

changes magnitudes and shape as it attenuates is shown in Figure 2.10.

Divergence causes the magnitudes of the stresses to decrease as the

stress wave expands. The total amount of energy in the stress wave is

spread out over an increasing area as a stress wave expands. For

example, figure3 in Reference 1 show that the early high pressure dis-

tributions on walls near detonations of cylindrical surface charges are

also somewhat cylindrical. Assume that cylindrically expanding stress

waves are induced into walls loaded by airblast from nearby cylindrical

bombs. Also assume that radiant energy travels only in straight lines,

the propagation velocity (c) remains constant, and the density remains

constant. Looking at Figure 2.11, one sees that according to the con-

"servation of energy law the radiant energy that passes through area A

must also pass through area B . In mathematical terms:

d(1/2mAVA2 ) - d(I/2mBVB2 )

21/2pAdrV 1/2pBdrVB2
A B

1/2pAdr(A)2 1/2p~dr( B)

S2 2
aA- BA B

A B A B
but sorr

rA rB rB rA

or aB r 4 7a (eq 2.19)

B

where V A and VB are the velocities and a A and a Bare the

stresses at te dstances r A and rB ,respectiey. Ifa
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structure is far enough from the explosion so the structure front is

fairly uniformly loaded, the induced stress wave can be assumed to be

plane and no divergence will occur in the wall. The stresses induced in

concrete by a bomb fragment impact may expand spherically away from the

point of impact, see Figure 2.12. It can be proven that the stresses in

a spherically expanding wave diverge according to:

rA

-B rB AA (eq. 2.20)

When a stress wave hits an inclusion such as an air void or a rein-

forcing steel bar (rebar) in a concrete structure, it will at least par-

tially scatter, or disperse around it as illustrated in Figure 2.13. If

the concrete has many air voids and/or if the rebars are very closely

spaced, stress waves will be greatly dispersed. However, most protec-

tive structures are made of concrete with very few large air voids and

conventional reinforcing steel spacings are large enough to allow large

areas of stress waves to pass through undisturbed. A stress wave caused

by a single bomb fragment impact is small enough that most of it would

be dispersed by an air void or rebar. However, in zones where there are

multiple fragment impacts very close to each other, many of the induced

stress waves will pass through without being dispersed. So it is as-

sumed that dispersion does not change the majority of the stress waves

in normal concrete with conventional rebar spacing.

A later section will show how spall is very dependent upon the

shape and magnitude of a stress wave. As discussid above, the shape and

magnitudes of a stress wave can significantly change as it propagates

through concrete. These changes depend upon the peak stresses, how the

stress wave expands, and the size and number of inclusions in the

concrete. A planar elastic stress wave in plain concrete will not

change much in one transit, but a spherically expanding plastic stress

wave in concrete with mauy inclusions will significantly change in one

transit. Most airblast and bomb fragment impact loadings, vhich cause

spall, induce stress waves in concrete which are above the HELt and are

expanding, so changes in the shape and magnitudes of stress waves must

be considered in the spall analysis.
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Reflection of Stress Waves at Various
Angles of Incidence

When a stress wave strikes a free surface of the material in which

it is traveling, it will reflect. When a primary stress wave normally

"strikes a free surface it reflects as a primary wave of equal and oppo-

site sense (i.e., a compressive wave reflects as a tensile wave or vice

versa). When a shear wave normally strikes a free surface it reflects

as an equal shear wave. However, when either a primary or a shear

stress wave obliquely strikes a free surface, both a primary and a shear

wave are reflected back. In all cases, the sum of the resultant

stresses at and normal to the free surface must equal zero. The

reflected tensile primary waves are of main concern in spall analysis.

Consider a primary stress wave striking a free surface at some

given angle of incidence as illustrated in Figure 2.14a. Part of the

wave is reflected as a primary wave at an angle equal to the angle of

incidence a , and the other part is reflected as a shear wave at an

angle of B • The relationship between the angle of incidence and the

.. angle of reflected shear B is given by Snell's Law as:

ina c v) (eq 2.21)
sinlO ct T -2v 2v

t

where v is Poisson's ratio for the material. B is always less than

" a . Since the sum of the resultant stresses normal to the free surface

. must equal zero, the stresses can be related by the equations:

a' ro (eq 2.22)

and rl [(r+l) cot(20)]a (eq 2.23)

where a is the incident primary stress, a' Is the reflected primary

stress part, T' is the reflected shear stress part, and r is the co-

efficient of reflection:

* i2 2
r- [s3n(2a) sin(2B) -2 Cos2 (20)] (eq 2.24)

- [sin(2a) sin(2a) + k Cos (20)]
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44.
Since B is related to a by k, and k is a function of v , the

reflected stresses are dependent only on a and v . Figure 2.14b

shows r as a function of a for various values of v . A positive

r indicates that the reflected primary wave is the same sense as the

incident primary wave and a negative r indicates that the reflected

primary wave is the opposite sense of the incident primary wave. Most

"average" strength concretes have v's between 0.15 and 0.20. Notice

that for a concrete with a v of 0.15, the r is negative for angles

of incidence between 0 and 45 degrees, is zero for angles of incidence

of 45 and 85 degrees, and r is positive for angles of incidence from

45 to 85 degrees. Therefore, a compressivs primary wave at an angle of

incidence between 45 and 85 degrees in concrete with v - 0.15 will

reflect as a compressive primary wave and a shear wave, and no spall can

occur.

A shear wave that strikes a free surface at an angle of incidence

0 , will partially reflect as a shear wave at an angle B and par-

tially as a primary wave at an angle a , as shown in Figure 2.15a. An

incident stress is related to the reflected stresses by the following

equations:

S- rr (eq 2.25)

and
2

a' - U(r - 1) tan (0)] T (eq 2.26)

where T is the incident shear stress, T' is the reflected shear

stress part, a' is the reflected primary stress part, r is the coef-

ficient of reflection for sin B 0 , and k is as defined earlier.

As in the previous equations, the reflected stresses are dependent only

on the incident angle and v . Figure 2.15b shows r as a function of

0 and v . Recall that a is always greater than B , so these equa-

tions are limited to 0 equal to or below a critical angle of

arcsin(I/k). For 0 greater than arcsin(1/k), the reflected primary

stress part travels along the free surface with the wave front varying

exponentially with distance from the surface (Reference 14). The shear

wave is usually not considered in spall analysis because at low angles

of incidence a' is small and at medium to high angles of incidence,
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the reflected primary wave is at large angles to the free surface.

As a primary stress wave reflects at a free surface, the front re-

flected stress wave overlaps the incident stresses of the back portion

of the stress wave to form net stresses by superposition. It is con-

venient to imagine a normally reflected primary wave as a mirror image

of the incident wave traveling Into the concrete from the outside as

shown in Figure 2.16 to help calculate the net stresses. For an inci-

dent plane primary stress wave at an oblique angle of incidence, the net

primary stress (Onet(i t)) at a point i , distance 6 from the free

surface, at time t is given by:

t )- + o a + ra (eq 2.27)

,net(it) OIt it it Ei,t-(26 oosa)/c(

where

net(i ,t) " the net primary stress at point at time t

t the incident primary stress at point i at time t

t the reflected primary stress at point i at time t

(26 cosa)/c = the time it took the stress wave to travel from
point I , reflect at the free surface, and travel
back to point i

and all compressive stresses are positive and all tensile stresses are

negative.

Spall will, occur if the net primary stresses over an area exceed

the dynamic tensile strength of concrete, and the trapped impulse

overcomes resistive forces and pulls the cracked portion of concrete

away at some spall velocity.

Dynamic Properties of Concrete

Host of the stress-strain properties of a concrete are dependent

upon the rate at which the concrete is loaded. Figure 2.17 (obtained

from Reference 15) shows the effect of loading rate cn the stress-strain

curves of compression and tension tests of a concrete. The ultimate

compressive stress, ultimate tensile stress, and moduli of elasticity

all increase with faster loading rates. The stress-strain curves become
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straighter with faster loading rates, so many assume that concrete re-

mains elastic up to its dynamic ultimate stress under very fast loading

rates. The loading rates of bomb fragment impacts and/or airblast from

nearby bomb detonations are extremely fast, as shown in earlier sea-

tions. Most laboratory tests measure strain rate in a specimen to indi-

cate the rate of loading because it is an easier and more direct msthod

to measure what a material actually receives.

Figure 2.18 shows the results of several experiments on compressive

ultimate stress of concrete versus strain rate (Reference 15). Strain

rates for most fragment impacts and/or airblast loads from nearby deto-

nations on average concrete are well in excess of 10 sea-. Thus, the

ratio of dynamic compressive strength to static compressive strength of

* "plain" concrete under bomb fragment and/or airblast loadings from

nearby detonations is greater that 1.6.

Figure 2.19 (Reference 15) shows the results of several experiments

on the tensile strength of concrete versus strain rate. Notice that the

tensile strength increases faster than compressive strength as the

strain rate increases. The ratios of dynamic tensile strength to static

tensile strength for "plain" concrete are greater than 4.5 for strain

"rates greater than 10 sec-. D. L. Birkimer and R. Lindemann discuss in

Reference 16 their experiments on a "plain concrete" at strain rates

from approximately 2 sec- 1 to 23 sec 1-. Contrary to the results of

other studies at lower strain rates (Reference 17), they found the dy-

namic modulus of elasticity to be constant. They also assume that the
critical fracture strain energy for a given concrete is constant. Their

equation of critical dynamic tensile fracture strain (c r) is:

(u 1/3 1/3
C r P 6 o (eq 2.28)

where

Lcr - the critical fracture strain energy (which was 0.298 ft-lb
for the 6,380-psi concrete they used)

E - dynamic modulus of elasticity

A - cross-sectional area

a - primary wave propagation velocity

- strain rate
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H. W. Rinehardt (Reference 18) determined that the bond stress

between a given concrete and ribbed reinforcing bars, under a given

displacement, increases with load rate according to:

U (eq 2.29)

where u - bond stress for a given displacement 6 at a load rate

L - load rate

uo static bond stress for the same displacement

u0 = static load rate

n 0.7( - 2.56)

fol - cubic uniaxial compression strength in megapasoals
6 c displacement in

This also indicates that the bond stress increases with increasing load

rate, less in high-strength concrete than in lou7-strength concrete.

The above ourves and equations are based upon limited empirical

data on just a few concrete strengths and mixes. One should not use the

curves or equations for concretes much different than those from which

the data were derived. Experiments on the dynamic properties of con-

oretes need to be conducted at strain rates as fast as those caused by

bomb fragment impacts and/or airblast loadings. Concretes with various

static strengths should be tested at high strain rates to de~ermine if
different concretes increase differently in strength at different strain

rates.

Types of Concrete

High-strength concrete, fiber-reinforoed concrete, and polymer-

portland cement concretes can all obtain higher tensile strengths than

regular medium-strength concretes. They are, therefore, of interest for

use in structures subJeot ed to bomb fragment impacts and/or airblast to

reduce the chances of spall. The characteristics of each type of con-

crete are discussed below.

High-strength oo.icretes are defined by K. H. Geratle in
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Reference 19 as concretes with static uniaxial cylinder strengths above

9,000 psi. Stress-strain curves in Reference 19 show increasing stiff-

ness, greater linearity and increasing brittle behavior with increasing

static strength. Gerntle found a decrease in the ratio of static

tensile strength to compressive strength for Increasing compressive

strengths. No information was found on the dynamic properties of high-

strength concrete, but they are most likely also strain-rate sensitive.

Fiber-reinforced concrete has been extensively studied. Various

types of fiber material, including nylon, glass, and steel, have been

added to concrete to increase its ultimate tensile strength, ductility,

and toughness. Most fibers are much stronger in tension than concrete.

Steel fibers are the most popular. The properties of a steel fiber

reinforced concrete depend upon the amount, length, strength, ductility,

and shape of the steel fibers as well as the rest of the concrete mix-

ture. Generally, fibers only slightly increase the elastic limit of the

concrete, but greatly increase the ultimate strengtn and strain of the

concrete. The fibers are randomly dispersed throughout the concrete

matrix, strengthen local flaws and retard crack growth. Once a crack

forms and crosses a fiber, the fiber has to be stretched or debonded for

the crack to grow further. Details on the mechanics of fiber-reinforced

concrete are given in References 20 and 21. References 16 and 22 dis-

cuss how the dynamic tensile strength of fiber-reinforced concrete

increases with strain rate. There have already been many tests of

fiber-reinforced concrete subjected to bomb fragment impact and/or

airblast loads (see References 23 thru 27), and they all prove that

sufficient amounts of fibers reduce spall.

Polymer-portland cement concrete is a type of polymer concrete

which is produced by adding either a monomer or polymer to a fresh

concrete mixture to allow polymerization within the con~crete as it

cures. A monomer is an organic molecule which is capable of chemically

binding with other molecules to form a high-molecular weight material

known as a polymer. A polymer consists of repeating monomer molecules

and other molecules which form in long chemical chains. Latexes are the

most comon polymer added to concrete mixtures. Proper latex formula-

tions greatly improve shear, bond, tensile, and flexural strengths of

concretes. For more details on polymer-portland cement concretes and
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other types of polymer concretes, see Reference 28. References 16, 29,

and 30 Illustrate that polymer concrete dynamic strengths increase with

increasing strain rates. No information about spall tests on polymer

concretes could be found.

Effects on Spall oC Stress Wave Shape
and Magnitude

The depth and velocity of spall depend greatly upon the shape and

magnitude of the reflecting stress wave. To illustrate this, a few
ideal plane stress waves with different shapes and magnitudes in an

ideal linearly elastic-brittle material are compared. Assume for the

moment that the stresses in the ideal plane stress waves all propagate

at the same constant velocity, are normal to the back free surface, re-

flect perfectly, and do not attenuate, diverge, nor disperse. The ideal

material is much stronger in compression than in tension, will immedi-

ately fracture when a tensile stress exceeds the dynamic tensile

strength, and has no resistive forces to spall.

Consider first a rectangular ideal plane compressive wave with a

wave length of A and all stresses equal to ap as shown in Fig-

ure 2.20a. Once the wave starts tc normally reflect off the back free

surface (Figure 2.20b), the tensile reflected portion of the wave can-

cels the compressive incident portion and results in a zero net stress

behind the leading edge of the reflected wave. The net stresses remain

zero as the wave advances, until the reflected wave passes the end of

the incident portion of the wave at from the back free surface. At

this instant, the net stress at the leading edge of the reflected wave

equals o (Figure 2.20c). If a is greater than the dynamic tensile
strength of the material (ao rit ) the material will crack and spall. .The

velocity of the spall MV) is found by equating the impulse of the stress

wave to the momentum of the spall:

pV-Op A

2a
V -P (eq 2.30)PC
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where

V spall velocity

0 density of the material

o propagation velocity of primary waves

Notice that rectangular wave shapes have only one spall depth and it is

Kindependent of the magnitude of up t as long as a p is greater than

aci The spall depth is only dependent upon .As X approaches
zero, the spall depth approaches zero (Figure 2.20d). A special case is
when X is greater than or equal to two times the thickness of the ma-

terial, then the leading edge of the reflected wave will strike the
front free surface before or at the same time as the end of the incident

portion of the wave arrives at the front surface (Figure 2.20e). The

reflected wave reflects again at the front fr~'e surface as a compression

wave. No spall is possible because the net stresses are never in

tension.

Now consider a triangular ideal planar compressive wave with no

rise length (90 degree front), a wave length of ).,and a peak stress

of up, which is greater than the dynamic tensile strength (aGent) of
the material (Figure 2.21a). The net stress wave formed during reflec-

tion is a triangular tensile wave as shown in Figure 2.21b. The front

of the net stress wave also has no rise length and travels even with the
front of the reflected wave. The magnitudes of the peak net stress

)~et and wave length of the net stress wave increases as the reflected

wave advances. At some point in time as the reflected wave advances,
the peak net stress will equal the dynamic tensile strength, uorit
of the material and the ideal material will spall (Figure 2.21c). The

spall depth (d) relates to the incident stress wave magnitudes by

geometry as:

a - ai
-2d =

d 2acrit(eq 2.31)

p

V The velocity of the spall (V) is found by equating the impulse of the
portion of the stress wave trapped in the spall, to the momentum of the

spall:
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pdV p ÷ p Orit 2
2ap2a - 2 ....

-V c (eq 2.32)
pC

The rest of the incident stress wave remaining in the structure will

continue to propagate and will reflect off the newly formed frce surface

made by the spall (Figure 2.20d). The peak stress is now ap 'crit

and the wave length is now A - 2d . A second spall will occur if anat

again equals or exceeds ocrit . The second spall traps a portion of

the stress wave again, and follows the first spall at a lower velocity.

The remainder of the original pulse in the structure will reflect off

the newly formed free surface made by the second spell. The peak stress

of the remainder is reduced to (a - 2o ) and the wave length is
p anit

reduced to A - 4 d . This cycle of reflecting from a new surface and

spalling another layer will continue until the peak stress of the re-

mainder of the incident wave is less than aor t . So a triangular

stress wave with no rise length can cause spall of multiple spall

layers. The number of spall layers (k) is equal to the largest integer

less than -- . The equation for the nth spall layer depth (dtn) is
tcr it

the same as for the first spell depth due to similar tr!angles:

d 2oA (eq 2.33)

tn 2a P

Notice that the spell depth equation for this shape has stress as well
as wave length in it. Thus, the breater a is compared with crt

is copaedwih
the shallower the spell depth dtn (Figure 2.21e); and the shorter A

the shallower the spall depth (Figure 2.21f). If A is longer than

2 times the wall thickness and unloads gradually enough so Onet never

exceedsocrit , no spell will occur (Figure 2.21g). The equation for the

velocity Vn of the nth spall layer is a generalization of that for the

first layer:

2a - (2na- ) ocrit

Vn - (eq 2.34)
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The spall velocity decreases with each successive layer.

Another shape is an exponentially decaying stress wave with no rise

length (Figure 2.22a). The stress wave is described by the equation:

a(x) aop expbx (eq 2.35)

where o(x) is the stress a distance x behind the front of the wave,

a is the peak stress, c is the propagation velocity, and b is a

constant determined from a known stress-distance point. Since this form

also has a declining backside, multiple spall layers are possible. The

equation for the nth spall depth (den) is:

d 1 n [a - (n - o 1) 0 rt e236
en 2 [5 • n - noncrit

The equation for the nth 3pall velocity Vn is:

a (n - 1) - 2bd

Vp (n 1) Ocrit] (1 exp en) (eq 2.37)Vn b d po

These equations work well except when a is equal to or nearly equal

to ncra t at which time n approaches infinity and dn - 0 This

is because the duration of the function is infinite.

The difference between spall depths calculated for a triangular ap-

proximation of a stress wave compared with those calculated for an expo-

nential approximation of the same stress wave can be significant. Con-

sider a triangular stre3s wave and an exponential stress wave which both

have no rise lengths, the same impulse, and the same peak stress (Fig-

ure 2.22b). The ratio of the n spall depth of the triangular stress

wave (dtn) to that of the exponential stress wave (den) is:

d 2 or ,t (i - exp-bAe)den [Or n )Ort (eq 2.38)
dr -

en n p a r(n
a In[ Cn 1) r
p (a~ -no
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where Ae is the distance behind the exponential wave front to a(,

- 0.01 a , and b is calculated based upon the impulse and A
p

Figure 2.23 is a plot of equation 2.38 for the first 3 layers of spall.

It shows that the spall depth predictions can differ by large amounts

depending upon the magnitudes and shape of the stress wave. For exam-

ple, if ap is 10,000 psi, acrit is 3,500 psi, b is 16.5 msec-I1

"c is 14.3 ft/msec and A is 4.3 ft, then, for spall depth No. 1

dtl/dej - 1.61 and for spall depth No. 2 dt 2 /de 2 n 0.90. If a is

5,000 psi, and all other values remain the same, then dtl/del m 1.15

Spall depth predictions using triangular approximations of stress waves

with peaks the same or much higher than n times the dynamic strength

of the concrete will differ greatly from spall predictions using expo-

nential approximations of stress waves. Thus, it is recommended to fit

stress waves from airblast loads with exponential or modified Fried-

lander equations.

Equations for spall depths and velocities for a few common shapes

with no rise lengths are given in Table 2.3.

Now, consider shapes with rise lengths or loading fronts. Most

real stress waves have some sort of rise length. Stress waves with rise

lengths can theoretically only cause one main layer to spall. The spall

depth and velocity equations are different for a stress wave with a

loading portion smaller than the unloading portion of the stress wave,

than they are for a stress wave with a loading portion larger than the

unloading portion.

Consider first an ideal normal triangular stress wave with a rise

length shorter than the fall length or unloading portijn (see Fig-

ure 2.24a). The net stresses start out compressive as the loading por-

tion of the stress wave reflects and then a portion of the net stresses

become tensile after the peak stress is reflected (Figure 2.24b). The

peak net tensile stress increases in magnitude as the wave advances.

When the peak net tensile stress equals acrit , the material will crack

and spall (Figure 2.24c). A middle portion of the stress 4ave is

trapped in the spall and the loading portion and tail of the incident

stress wave remains in the main structural element. The tail portion

will now reflect off the new surface formed by the spall. Immediately

after the material cracks, the loading and tail portions advance; the
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peak net tensile stress again equals a rt ; and the material fails

directly adjacent to the crack. As the loading and tail portions

continue to advance, the peak net tensile stress continues to stay equal

to acrtt and causes a wide band of material to fail until the peak

stress Is reduced to some value less than aorit (Figure 2.24d). So a

band of fine particles follows the initial spall layer.

Now consider an ideal normal triangular stress wave with a rise

length longer thar. the fall or unloading portion and with a greater

than or equal to acrt (Figure 2.25a). The net stresses start out

compressive as the stress wave reflects (Figure 2.25b) and the front net

stress becomes tensile once the front of the reflected wave passes the

back of the incident wave (Figure 2.25c). The peak net tensile stress

increases as the wave advances. When the peak net tensile stress equals

Ocrjt the material will crack and spall (Figure 2.25d and e). In this

case, most of the stress wave is trapped in the spall and only the

portion of the loading front less than 0crit remains in the struc-

ture. The spall depth (d) and velocity (v) are .lifferent in this case

and can be calculated by:

d - a1rit /a\ (eq 2.39).

A(aO ri a
"4 V1 P °crt crit

2pP + (eq 2.40)

Equations for spall depths and velocities for other common shapes with

rise lengths are given in Table 2.4.
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Table 2.1

Averaged Free Air Equivalent Weiahts Based on Blast

Pressure and Impulse

Equivalent Weight Equivalent Weight Pressure

Explosive Pressure Impulse Ranae
AMATOL (60/40) 0.95
AMATOL (50/50) 0.97

ANFO (9416 Am Nil
Fuel oil) 0.82 1-100

Composition A-3 1.09 1.07 5-50

Composition B 1.11 0.98 5-50

Composition C-4 1.37 1.19 10-100

Cyclotol (7 0 / 13 0 )a 1.14 1.09 5-50
HBX-1 1.17 1.16 5-20

HBX-3 1.14 0.97 5-25

H-6 1.38 1.15 5-100
4L

Minol II 1.20 1.11 3-20
octal 1.06

75/25

PETN 1.27 5-100

Pentolite 1.42 1.00 5-100
1.38 1.14 5-600

Tetryl .07 3-20
75/25c

Tetrytol 70/30 1.06
65/35

TNETB 1.36 1.10 5-100

TNT 1.00 1.00 Standard
for

pressure
ranges
shown

Tritonal 1.07 o.96 5-100

aRDX/TTIJ
bjjh/TNT

AL aTRYL/TNT
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Table 2.2

Explosive Constants

B(Equation 2.8) G(Equation 2.10)

Explosive oz /2/in. 7 / 6  ft/sec

AMATOL 0.35 6,190

BARATOL 0.51 5,200

COMP. A-3 0.22 8,300

COHP. B (60/40) 0.22 8,800
S•COMP. C-3 8 ,800

-""COMP. C-4 0.22 89300

CYCLONITE (RDX) 9,300

CYCLOTOL (75/25) 0.20 8,900

CYCLOTOL (20/80) 8,380

CYCLOTOL (60/40) 0.27 7,880

H-6 0.28 8,600

HBX-1 0.26 8,100

HBX-3 0.32

HMX 10,200

HTA-3 8,5OO

OCTOL (75/25) 9,500

PENTOLITE (50/50) 0.25 8,100

PTX-2 0.23

TETRYL 0.24 8,200

TNT 0.30 7,600

"TORPEX 7,450

TRITON (80/20) 7,600

° .-
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Table 2.3

Spall Depths and Velocities Caused by Various Shapes of Stress Waves

with No Rise Times in an Ideal Elastic-Brittle Material

lee II U

th hmx
Shape n Spell Depth n Spell Velocity n

p PC

"-n-l .2 (2n-1) a-r or

g a r A -' 
- 0

Sp 2buP- nearL- Vn bdnPc Our

vppod 1  U 24 po
SC Ab - v,. o, . °oo

Sd 'or A' A-b 2,- (2n-1)or
n>1 • •-) V> - •

a op(ab) - Uor

In)- bdnIPC i( .p1 2_b_ __a_ _ r I1 %

"4.Wa a - (2mW or .,

* Maximum number o1 spall layers is the ratio indloated
truncated to an integer.

"e The relation x-ot was used to oalaulate the trapped
impulses.

SOS• Shapes and magnitudes remain the sane as taey propagate
through the material and 4pis greater than the dynasio
tenweee strength a
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Table 2.4

Spell Depths and Velocities Caused by Various Sha•es oa Streess
Waves with Rise Times in an Ideal Elastic-Brittle Material

Shape Spall Depth. thSpa Veloolty

d-.4 a (.j.. v1"

I.os.p\""2-'
p •.•o.r e ,, ,

|p

W x p -b ( x -s .) A_ _ _ _ _ _ _

d- a I > a + --

fo2dpO r

1--*b-r-' a -oi

p 2Y~o

sin

un~itorm and multilpe layers• are possible.-A-
SThe relation x-ot was used to oaloulate the trapped Impulses.
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Figure 2.2. Typical free-field and reflected airbiast histories.
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Figure 2.3. Airbiast parameters versus scaled standoff distance
for TNT spherical air burst (Reference 3).
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Figure 2.4I. Airbiast parameters versus scaled standoff distance
for TNT hemispherical ground bursts (Reference 3).
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Figure 2.6. Scabbing resulting from a concentrated zone of,
multiple bomb fragment impacts.
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Figure 2.7 Variation of primary fragment velocity with distance.
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Figure 2.8 Theore-..cal Hu~oniot and experimental data of concrete

in the stress range from 0 to 24 kbar.
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Figure 2.9. Schematic of stress waves changing due to dif-

ferent stresses above the HEL traveling at
different velocities.
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Fi••re 2.10. Illustration of attenuation of a stress wave

with stresses above the dynamio oompressive
strength of the material.

42

AL



BB

AA

r0 0 5

B ýr:)B U
CO

TIME
Figure 2.11. Illustration of cylindrical divergence of a

stress wave induced by a cylinCrically ex-
panding a'rblast wave.
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Figure 2.12. Illustration of spherical divergence or a
stress wave expanding from a bomb fragment.
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Figure 2.14 Reflection factors for the reflected primary and shear

"stresses from an incident primary stress wave.
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Figure 2.15 Reflection factors :'or reflected primar-y and shear stresses
fzvm stresses from an incident shear stress wave.
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Figure 2.16. Use ot an imaginary mirror luage of the tnoi-
dent stress wave to calculate the net stress
at a given point and tine.
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Figure 2.17. Comujarison of atatic and impact s3tress-strain

curves for a typical concrete (Reference 15).
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Figure 2.22a. An exponentially decaying stress wave
with no rise time.
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Figure 2.22b. An exponentially decaying stress wave
and a triangular stress wave with the
same total positive impulse.
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PART III: SPALL PREDICTION LITERATURE

General

The two main types of prediction methods are theoretical and empir-

ical. A theoretical analysis of spall of concrete structures subjected

to nearby bomb detonations is usually very complex and based on many

unverified assumptions. The detonations of contact charges, very close
charges,, or nearby cased charges are so severe and destructive that

fragment impact and/or airbiast loads cannot be measured. Theoretical
estimates of these loads cannot be verified. These loads in turn induce
severe and rapidly changing stresses that cannot be measured. Theories
on changes of stress waves cannot be verified. There is no information
on the dynamic tensile strength of concrete at high strain rates caused
by very close detonations or bomb fragment impacts. The few theoretical

methods which the author found are limited to light to moderate bomb
threats and are based upon several simplifying assumptions to make a

solution possible. Since theoretical methods are so complicated and
limited, empirical methods have been more popular. Empirical methods
are faster and easier to use. However, there are some problems with
empirical methods. Strain-rates are higher in small scale models than
in a full scale structures while peak pressures are equal. Bomb frag-
ment weight distributions do not scale the same as airblast so it is
difficult to Interpret scaled tests of concrete structures subjected to
nearby cased bomb detonations. Field tests of concrete structures sub-

jected to nearby detonations are expensive to conduct. Empirical pre-

diction methods should be limited to scales and conditions similar to

those under which the empirical data was collected.

There is a moderate amount of literature on spall. Reference 13 is
a good reference on the basic theory of spall. Two good studies on

spall of metals are reported in References 31 and 32. Several refer-

ences contain empirical prediction methods for spall caused by a single
projectile impact against concrete (References 5, 8, and 33 through 38).
However, there are only a few references about spell of concrete struc-
tures caused by multiple bomb fragment impact and/or airblast loads

for nearby bomb detonations. The next few paragraphs summarize the
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principal theoretical and empirical prediction methods for spall of

concrete structures subjected to nearby bare and cased bomb detonations.

Theoretical Spall Prediction Methods
for Bare Charge Threats

C. A. Kot gives a method to predict spall in concrete walls under
airblast loads in Reference 39. Kot assumes that the shape of the bomb

is spherical; the stresses are below the dynamic compressive strength

of the concrete (i.e., elastic); the stress wave keeps the same shape

and duration as the incident airblast wave; the stress wave only changes

by spherical divergence; the concrete is linearly elastic, the prop-
agation velocity is constant; and the concrete will instantaneously

spall once the peak net stress exceeds the dynamic tensile strength of

the opncrete. Kot approximates the airblast wave with the simple power

law:

P(t) ( (eq 3.1)

where P(t) is the pressure at a given time (t), pa is the peak

pressure at the back face, tdur is the positive phase duration and y

is an exponent obtained from Figure 3.1. The equation for the nth spall
depth (dn) caused by a stress wave at an angle of incidence of a is:

1t + °/y"
dn-~ dUl Irn)1~~(i (n-i)"

-I crit] i/TI (eq 3.2)

where n is the spall number, c is the propagation velocity, r is

the coefficient of " •flection, and all stresses are positive. The equa-
tion for the nth &,4ll velocity is:
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n - (Y )+cP (Y Ir -1 0 -ri

[,- In - n-

(1 )(eq 3.3)

(1I- tin-t) Y --

Kot limits application of this prediction procedure to scaled standoff

distances greater than 0.20 ft/lb 0 *3 3 to insure the charge is not in

coatact with the concrete. No guidance is given on the dynamic tensile

strength of concrete, but it is assumed that a 4,000-psi concrete has a

dynamic tensile strength of 800 psi in an example. The same prediction

method is given in Reference 40.

The assumptions that the stress waves are linearly elastic and only

change by spherical divergence can result in incorrect predictions.

There are many probable bomb threats which yield airblast loads above
the dynamic compressive strength of the concrete and/or which diverge
other than spherically.

Theoretical Spall Prediction Methods for Cased-Charge Threats

References 41 and 42 are the principal theoretical spall prediction

methods for cased-charge threats.

C. E. Canada wrote Reference 41 for the U.S. Air Force. The pre-

diction method is a computer program. The preferred lateral dimensions

and thicknesses of concrete spall fragments are assumed to be equal to

the spacing and concrete cover of the back layer of reinforcing bars,

respectively. In other words, if spall occurs, it will form only along

the reinforcing steel plane. The program calculates an average tri-

angular blast load based upon blast data from References 7 and 40. The

program calculates the bomb fragment characteristics based upon standard

equations from References 7 and 8. Fragment loads are assumed to act

simultaneously and with the same duration as the blast load. The com-

puter program combines the blast and fragment loads linearly to form
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a single triangular stress wave. The program calculates attenuation of

the stress waves if the stresses are above the concrete strengths, but

does not address other changes in the stress wave. Canada -id not give

guidance on determining the dynamic tensile strength of concrete, but

assumed 14 percent of the unconfined compressive strength in an example.

Figure 3.2 is a copy of a curve calculated for predicting the maximum

standoff distance which spall will occur at r, reinforcing steel plane

1.5 inches from the back free surface for a given dynamic tensile

strength of concrete.

Major M. 0. Kropatsoheck describes a theoretical spall analysis

used to analyze some of the test results in Reference 42. Triangular

approximations of actual airblast measurements were used for the analy-

sis3 , but tho use of Reference 7 was recommended to determine airblast

parameters for other threats. The bomb fragment characteristics were

calculated using the standard equations in References 7 and 8. It was

assumed that the velocities of the bomb fragments varied linearly from

their striking velocities at the surface to zero at their penetration

depths, in order to calculate durations of fragment loads. An average

fragment load-history was calculated over an area. The airblast arrived

at the structure before the bomb fragments in the tests, so spall was

calculated using each load separately. Major Kropatscheck assumed the

induced stresses reflected normally from the free surface, the duration

of the stress waves did not change, and the stresses attenuated by 10

percent due to material properties and geometrical configurations. It

was also assumed that the static tensile strength of concrete is 10

percent of the static uniaxial compressive strength, and for the loading

rate of 108 psl/sec, the dynamic tensile strength is 350 percent of the

static tensile strength. After the stress waves and concrete tensile

strengths were determined, the spall depths were calculated using basic

spall theory similar to that presented in the previous chapter. The

results of this analysis are compared to the test results in Table 3.1.

Empirical Spall Prediction Methods for Bare Charge Threats

The Weapon Data Sheet 6A6 in the "Effects of Impact and Explosion"

(Reference 33) is one of the original empirical prediction methods
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for damage to reinforced concrete wall panels by nearby bare charge

detonations in air. A copy of it is shown in Figure 3.3. It is based

upon approximately 50 tests coaducted during World War II. The testo

were both model and full scale. The tests were on rectangular conarete

test panels with face dimensior.s from 3 to 25 times their thickness.

Various kinds of bare explosives were used. The charge weights varied

from 0.08 to 1,700 lb. Test panels were supported along all four edges

and results showed no appreciable difference between freely supported

and fixed edges. The concrete compressive str.ength varied from 2,200 to

4,000 psi. Various steel reinlforcing percentages were used. The curves

are based upon data adjusted to TNT equivalent charges and 0.25 per'cent

steel reinforcement. The slight damage curve defines the boundary be-

tween no damage and light c,-acking and average deflections less than

0.83 percent of the free span. The moderate d&Aage curve defines the

boundary between threshold spall and medium spall and deflections less

than 4.17 percent of the free span. The heavy damage curve defines the

boundary between medium and severe spall and average deflections less

than 10 percent of the free span. The !Nreach curve defines the boundary

between severe spall ana breaching or parforation. See Reference 43 for

a more detailed report about the curves. T.dentical cur-es are also in

Reference 411.

The only other set of empirical spall prediction curves found for

bare charges is in recently published References 45 and 46. A copy cf

this set of curves is given in Figure 3.4. The curves are based upon 96

tests with various bare charges from 0.03 lb to 500.0 lb. The standoff

distances varied from contact to 3.94 feat. The concrete test panels

varied in wall thickness from 3.5 to 43.3 inches, static concrete com-

pressive strengths from 2,900 to 7,977 psi, and reinforcing steel per-

centages from 0.64 to 1.91 percent. The minor damage zone defines the

area of no damage to threshold spall. The spalling zone defines the

area of light to severe spall. The perforation zone defines the area of

b'each or perforation.

Both sets of curves predict similar epall damage except for very

small and very large scaled standoff distances. The firsc sbt of curves

divides the degree of spall into slight, moderate, and heavy, whereas

the second set has one large zone of spall. Tes. data from Reference 2
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agree well with the curves.

Empirical SJall Prediction Methods for Cased Chare Threats

The Technical Manual 5-855-1 "Reference 34) has a short paragraph

and a set of curves for prediotitS damage to reinforced concrete panels

oause,, by nearby eiplosions In air. Figure 3.5 is a copy of the set of

curves. It does not specifically state whether the curves are based

upx)n bare or cased bomb threats. However, the curves predict worse

damage than the curves for the bare charge surface threats previously

discussed, and are assumed to be for cased bomb threats. Differences in

oonoretL strength and reinforoing steel can be accounted for by multi-

plying the scaled distance by correction factors given with the curves.

TVie zones of damage are defined in the figure.

Another set of empirical spall prediction curves for cased charge

threats cre in Rferences 45 and 416. This is the same reference as for

the curVes for surface detonations of bare charges. A copy of the

curves is shown in Figure 3.6. The curves are similar to those for the

bare charges, but are higher and over a wider scaled distance range.

The cased charge threats varied in weight from 0.45 to 118.5 lb and in

standoff distance from contact to .16.4 ft. Charge to total bomb weight

ratios ranged from 13 to 60 percent. The concrete walls varied in

thickness from 4 to 47.24 inches, in strength from 2,900 to 7,977 psi,

and in reinforcing steel from 0.64 to 1.91 percent. The effect of

casing thickness or charge to total weight ratio was not well defined in

the" urves.

These two curves did not awee well on the prediotlon of breach and

the effects of cased bombs at scaled standoffs greater the 2 ft/lb'33.

In addition, test data from References 1 and 2 did not agiee with either

curve. Additional tests were done to check the curves.
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Table 3.1

Comparison of Calculations with Test Results of Reference 42

TNT
Equiv Scaled Calculated Actual
alent Disace _pall Depths Spall

Teot Weight Blast Fragments Depths
No. lb ft/lb 3 3  Casing inches inches inches

1 76.23 1.16 unoased 1.88 -- 3.9 to 4.7

2 66.14 1.21 unoased .... No $pall

3 66.14 1.21 cased 7.39 -- Breach

4 76.23 1.16 eased 6.51 4.44I 3.9
5 15.76 1.16 cased 4.88 3.07 5.9

6 445.33 1.28 eased 16.27 12.90 3.9

63

A,



0.4

I'.8

0-0

o.60



6 23ARE CHARGE
0 CASED CHARGE

2

~103

E-4

2
.Y 5

12

0 0.4 0.8 1.2 1.6 2.0

0.33
Z (ft/lb0"3)
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PART IV: EXPERIMENTS

Concrete Spall Tests

Forty spall tests were conducted to investigate parameters which

were suspected to affect spall, to check existing prediction methods, to

take actual measurements of damage, and to provide additional data to

refine prediction methods. The parameters which were investigated are:

a. Scaled standoff distances (A) which directly affect peak pres-

sure. A was varied from 0.076 ft/lb0' 3 3 to 1.85 ft/lb0 ' 3 3 .

b. Charge weight, (W) and standoff distance, (R) for a given A
which affect the duration and shape of the load histories. The
bomb sizes were varied from 1.47 to 40.30 lb equivalent TNT and the
standoff distances were varied from contact to 60 inches.

0. Casing taiokness. The casing thicknesses were varied from no
casings to thin casings (0.088 inches thick) to thick casings
(0.344 inches) for the same size bombs.

d. Concrete wall thickness (T). Similar tests were conducted
on three different wall thicknesses: 5.375, 8.50, and 11.20 inches
thick.

e. Concrete strengths (f.). Similar tests were conducted on walls
of normal 4,000-psi concrete and, high-strength 13,815-psi con-
crete. The tensile strength of concrete increases with an Increase
in compressive strength.

f. Concrete additives. Similar tests were conducted on normal
4,000-psi concrete, similar concrete with acrylic latex added to
it, and similar concrete with crimped steel fibers. Both the
acrylic latex and the steel fiber additives make concrete more
ductile.

. ~Spacing of reinforcing steel bars (rebars). Similar tests were
conducted on similar walls with rebar spacings of 5.50 inches and
with rebar spacings of 1.50 inches center to center..

The experiments are described in detail below.

Test Structures

The 40 tests were conducted on 10 reinforced concrete wall panels

and the walls of a large reinforced ocncrete box. The first 29 tests

were conducted on the 10 reinforced concrete walls, each which were

mounted on the side of a rectangular box reaction structure (Fig-

roe 4.1). The last 1i tests were conducted on the walls of a large
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reinforced concrete structure left from another study. The roof of the

box structure had been damaged during another study, but the walls were

only damaged near the roof (Figure 14.2). The spall tests were conducted

on the lower portions of the walls with surface detonations. Since

spall is an early-time localized phenomenon, the author believes the

roof damage from the previous study had no adverse effect on the spall

tests. The walls are described in general in the next two of paragraphs

and specific details for each wall are presented in Table 14.1.

The 10 reinforced concrete wall panels were all 15-ft long and

5.43-ft tall.* Wall thickness, concrete properties, and spacing of the

reinforcing steel were varied in some of the wall panels to determine

0.25 percent principal (vertical) reinforcing steel and 0.10 percent

temperature (longitudinal) reinforcing steel per face. Plans of the

reinforcement layouts for the various wall panels are shown in Fig-

ures, 4.3 through 14.5. The shear stirrups hooked around the outsides of

both reinforcing steel mats. The stirrups were staggered or offset by

h.. 1/2 spacings in each vertical row. Pictures of typical reinforcing

steel mats are shown in Figures 4.6 through 4.8. Each wall panel had

rows of bolt holes 4.875 inches from the top and the bottom edges in

order to attach it to the reaction structure. The free span of each

wall after it was mounted was 3.60 ft. The wall panels were cast at WES

and transported to Fort Polk, LA, for testing.

The large reinforced concrete box was 33.87 ft long by 9.87 ft wide

by 9.87 ft tall. The walls had an 8-foot clear span and were all
11.20 inches thick. The principal reinforcing steel was 1.0 percent in

both faces. A layout of the reinforcing steel is shown in Figure 14.9.

Concrete Properties

The average properties of the concrete in each of the wall panels

A and in the box structure are given in Table 14.2. The average concrete

properties for a particular wall were measured during the same days that

field tests were conducted on that wall. The concretes in wall panels 1
through 14 and 8 through 10 were all made according to the same 14,000-psi

mix design. The 4,000 psi mix design was 500 lb/yd3 of Type I portland
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cement, 335 lb/yd3 of water, 1,582.2 lb/yd3 of 3/8-inch maximum crushed
limestone aggregate (with 0.55 percent moisture) and 1634.9 lb/yd3 of

manufactured limestone sand (with 0.66 percent moisture). The uncon-
fined uniaxial compressive strengths were all above 4,000 psi, which is

common because most mix designs are slightly over-designed to insure

fluctuations in strength do not drop below the design strength. How-

ever, in spite of careful measuring, mixing, placement and curing, the

strengths varied. The variations are attributed to testing at different

ages and casting the concrete under different weather conditions.

The concrete in wall panel 5 was a high-strength concrete. It had

a mix design of 850 lb/yd3 Type I portland cement, 150 lb/yd3 silica

fume, 270 lb/yd3 of water, 995 lb/yd3 of 3/8-inch maximum crushed

limestone aggregate (with 0.55 percent moisture), and 1,820 lb/yd3 of

manufactured limestone sand (with a 0.66 percent moisture). The mate-
rials came from the same sources as those for the 4,000-psi concrete.

Notice that the high-strength concrete had a uniaxial compressive

strength almost 3 times and a split tensile strength almost 2 times

those of the 4,000-psi concrete.

The concrete in wall panel 6 was similar to the 4,000-psi concrete,

but was modified with an acrylic latex additive and adjusted to have a
similar uniaxial compressive strength. The mix design of the acrylic

concrete was 600 lb/yd3 of Type I portland cement, 126.6 lb/yd3 of

water, 191.7 lb/yd3 of Rohin-Haas MC-76 acrylic latex (which is 47 per-
cent solids so it contained 101.6 lb/yd3 of water), 1,993.7 lb/yd3 of
3/8-inch maximum crushed limestone aggregate (with 0.64 percent mois-

ture), 1,581.1 lb/yd3 of manufactured limestone sand (with 0.89 percent

moisture), and 1.9 lb/yd3 of anti-foam B. Addition of the acrylic latex

to concrete slightly lowers the compressive strength. Therefore, the
water to cement ratio was reduced to make a concrete with a compressive

strength similar to the 4,000-psi concrete. The cement, aggregate and
sand came from the same sources as for those in the other concretes in

the wall panels.

The concrete in wall panel 7 was similar to the 4 ,000-psi concrete
except it had crimped steel fibers added to it. The design mix for the

fiber concrete was 470 lb/yd3 of Type I portland cement, 50 lb/yd 3 of

fly ash, 312 lb/yd3 of water, 1,697.3 lb/yd3 of 3/8-inch maximum crushed
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A limestone aggregate (with 0.29 percent moisture), 1444.8 lb/yd3 of

manufactured limestone sand (with 0.38 percent moisture), 80 lb/yd3 of

Dramix ZP 30/0.5 crimped steel fibers, and 31.2 ounces/yd3 of WRA plas-

• ticizer. The cement, aggregate and sand came from the same sources as

for the other concrete in wall panels. The steel fibers were glued

together in clips of up to 30 individual fibers. The glue broke down in

the wet concrete mix allowing the individual fibers to disperse i, ýhe

concrete matrix. Crimped steel fibers bond to the concrete better than

* plain fibers so fewer fibers were required. The fibers have a minimum

tensile strength of 170,000 psi.

* The concrete in the box structure was obtained from a local ready-

mix concrete company near Fort Polk, Louisiana. The cement was Type I

portland cement. The fine aggregate was a natural siliceous sand and

the coarse aggregate was a natural gravel. No further details of the

mix 4esign were obtained.

Reinforcing Steel Yield Stresses

The reinforcing steel average yield stresses are given in Ta-

ble 4.3. The reinforcing steel below size No. 3 were especially made
for model structures. The model steel was deformed steel wire annealed

to yield stresses similar to those of the normal size commercial

Grade 60 reinforcing steel. The names of deformed wire start with a "D"

and are followed by the cross-sectional area in hundredths of inchas,

Reaction Structure

The 10 wall panels were mounted on a reaction structure (Fig-

ure 4.1). The reaction structure is a heavily reinforced rectangular

concrete box with one open side to which the test slabs were attached

. (Figure 4.10). The open side of the reaction structure had a 5/8-inch-

thick steel plate on its face for a ha'd smooth bearing surface for a

wall panel. The wall panels were attached to the reaction structure

, with rows of 1-inch-diameter bolts along the open edges of the roof and

floor. Both rows of bolts were 4.875 inches from the outside edges, and

were 9-inches on center. A high-strength, quick-setting grout was
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poured between each wall panel and the reaction structure before the

bolts were securely tightened to insure good contact. The tests were

conducted in a large pit in the ground to retain most of the bomb frag-

ments at the test site. The back side of the reaction struct'ure was

placed against a side of the pit to minimize rigid-body translation and

rotation. The bottoms of the reaotion structure and wall panels were

recessed 11 inches into the soil to make the inside floor of the reac-

* tion structure even with the ground level in the pit. This simulated

common aboveground protective structures.

Explosive Charge Parameters

The explosive charge parameters are listed in Table 4.4. The

standoff distances were the shortest distances from the centers of the

bombs to the fronts of the walls. Standoff distances for contact

charges were simply one-half of the outside diameter of the charge.

All of the explosive charges were made of Composition 4 (C-4) ex-

plosive. The equivalent TNT weights were calculated using the equiv-

alent weight factor for peak pressure of 1.37 lb of TNT/1.00 lb of C-4

(see Table 2.1). The height to inside diameter ratios were all approxi-

mately 3 to 1. The bare charges were. made by packing C-I4 into cylindri-

oal molds and then removing the molds. Figure 4.11 Is a picture of one

of the bare charges. The cased oharges were made by packing C-I Into

steel cylinder casings. Figure 4.12 is a picture of one of the cased

charges. The steel casings were made from cold-drawn seamless mechan-

ieal tubings made of 1026 steel. The mechanical tubings were ordered

close to the desired diameters and then machined to the proper dimen-

sions. The thicknesses of the casings were varied to determine the

effect of casing thickness on spall. The end caps on the eased bombs

were all 1/4-inch mild steel. Nottoe that te3ts 1B and 4B and tests 1D

and 3A have the same scaled standoffs (R/I0W 33 ) but different standoffs

and explosive weights.

Measurements

Active easurements, passive measurements, and high-speed motion
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piotures were taken during the first 29 tests, i.e., on the wall panels.
There was no instrumentation or high-speed photography in the last 11

K tests, i.e., the tests on the walls of the box structures. Posttest

measurements or any damage to a wall were taken.
A typical layout of the active instrumentation for one of the wall

panels is shown in Figure 41.13. (Note in Tests 3B, 4IB, and 9B the "S"

spacings were 9.5, 6, and 6 inches, respectively.) Two to four tests

were conducted on each wall depending upon the area of damage caused by

each test. The tests at the quarter points of the wall panels were with

bombs at standoff distances and the tests at the centers of the wall

panels were with either contact charges or thick-cased bombs. All of

the tests at the quarter points had active measurements of the free-

field pressure, pressure distribution on the wall, stresses in the wall,

strains of the reinforcing steel, accelerations, displacements, and

high-speed photography of the pall velocities. All of the tests at the

centers of the wall panels only had active measurements of the stresses

in the wall and high-speed motion pictures of the spall velocities.

All of the airblast pressure gages were Kulite Model HKS-375 in

peak pressure sizes of 5,000 to 30,000 psi. The size of the gage used

depended upon its Position and the test. All of the pressure gages in
* the wall panels were mounted flush with the wall front and the free-

field pressure gages were mounted flush with the ground surface. Fig-
ure 41.14 is a picture of the airblast pressure gage mounts installed In
the reinforcing grid at the proper spacings. No, protective baffles were

used in front of the gages to insure that the high-pressure spikes were

not filtered. The pressure gages in the wall panels were spaced in an
array to one side of a quarter line. It was assumed that the wall

panels were loaded symmetrically on either side of a quarter line. The
spacings in a pressure gage array were related to the standoff distance
fro, the bomb and geometry of the wall. According to Reference 7, an

* average pressure-time curve may be constructed using average values of

the loading over a length 1.3 R but not greater than the width or 2
times the height of the wall. The pressure gages with a name ending In

0 are along a quarter line of the wall. The spacings of the columns of
pressure gages with names ending in 1, 2, and 3, are 1.3 R/4, 1.3 R/2

and 1.3 R from the quarter points, respectively. The spacings of the
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rows of pressure gages with names PB (bottom), PQ (quarter), PM (mid

height), and PT (top) are 1 inoh from the ground, 1.3 R/4l from the

bottom row, the midheight of the wall, and I inch below the ceiling,

respectively. No PB1 gages were installed for tests with cased charges

and no PB gages were installed after test 3A because of the high de-

struction rate of gages in these positions. The tree-field pressure

gages were on the opposite side of a bomb from the wall and at the same

standoff distance as the wall.

The stress gages were Dynasen Mini-Flat Packs (P?), Model C300-50-

125CRS-WES. A stress gage was cast in the midplane inside the wall

panel at each test location. The sensor portion of a stress gage was

placed even with the height oa the PQO pressure gago at each quarter

point testing location, and 3 inches from the ground at each center test

location. Figure 4.14 shows a stress gage installed in the reinforcing

grid at the proper location for a quarter point test. Most of the

stress gages were powered with 40 milliamps constant current excitation

with a 400 ohm bridge. The stress gages of tests 18 and 10C were

powered with a pulse power supply.

All the accelerometers were Endevoo Model 2264A with ranges of

2,000 to 50,000 g's, depending upon the location of the gage and test.

The accelerometers were placed at the midpoints of the ceiling (AR).

floor (AF.), and back of the wall panels at the quarter test locations

(AWHM). The accelerometersa which seasured horizontal accelerations had

an "H" in their name and those that measured vertical accelerations had

a "V" In their name. The gages were mounted on small aluminum cubes

attached to bolts cast in the concrete at the proper locations.

Micro-Measurements Model EA-06-250-BF-250-W, single axis, metal

film strain gages were mounted on the inside (EI) and outside (1O)

reinforcing steel bars at the quarter lines. The bottom pairs of strain

gages (EKB) were mounted 1 Inch above the ground level, the middle pairs

(EM) were mounted at midheight of the wall panels, and the top pairs (E

T) were mounted 1 Inch below the ceiling.

An active and paasiva deflection gage were used to measure the

deflection of the aldheight of the wall panels at the quarter point test

locations. The active gage was Celesoo Model No. PT-101-IOA-T556 "yo-

yo" gage. The passive gage was a scratch type of gage.
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The active instrumentation was connected to instrumentation equip-

ment and recording devices in a trailer approximately 750 feet from the

test pit. Up to 30 channels were recorded on a Sangamo Model III,

32-channel FM magnetic tape recorder. The data were recorded at tape

speeds of 120 inches/second and later digitized at 200 KHz. A zero-time

and time channel were recorded during each test to establish a common

time reference for the test data. An aluminum wire screen (with holes

cut out at the pressure gage locations) was taped to the front of the

wall panels, starting with test 5A, to reduce the noise by acting as a

Faraday Shield.

The response of the back of a wall panel to a test was photographed

with a high-speed motion camera mounted inside the reaction structure.

The responses of the wall panels in the first 9 tests were photographed

by a Model 164 PHOTEC 16-mm high-speed motion picture camera

manufactured by Photonics Systems, Inc. The frame rates for these tests

were 1,000 frames per second. The responses of the wall panels in the

10th through the 29th tests were photographed with a Lowcam. The frame

rates for these tests were 500 frames per second. Black lines were

painted every 6 Inches along the floor at the test centerline to provide

a reference for measuring velocities and displacements.

Nine of the wall panels were out along the vertical centerlines of

each tested area in order to measure the depths of cracks, damaged con-

crete, and spall. Wall 2 was damaged by additional trial explosive

tests and was not out.

Test Procedure

Two to four tests were conducted on each wall panel and the last

eleven tests were conducted at different locations along the sides of

the box structure. The number of tests conducted on a wall panel de-

pended upon the area of damage caused by the tests on that panel. The

"A" tests were always conducted at the left quarter point, the "B" tests

were always conducted at the right quarter points, and the "C" tests

were always conducted at the center of each wall panel. The "D" teats

were conducted at one of the quarter points if there was no damage

caused by the previous test at that location. Each of the first
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caused by the previous teat at that location. Each or the first
29 tests were done according to the following procedures:

a. A wall was bolted to the side of the reaction structure and
high-strength grout was poured into any cracks between the wall and
the reaction structure.

b. Instrumentation was installed and calibrated.

a. The high-speed camera was placed in a safe place inside the
reaction structure and prepared for a test.

d. A wire screen was taped to the front of the wall to act as a
Faraday Shield (started after test 5A).

e. The charge was placed and armed.

f. The instrumentation was checked and then calibration steps were
recorded.

j. A countdown was initiated, the recording started, the camera
started, and- then the bomb was detonated.

h. Still photographs and videos were taken of the damage.

i. Measurements of the damage were taken.

A similar' procedure was followed for the tests on the walls or the

box structure, except there were no steps involving the installation of

walls, instrumentation, and high-speed photography.
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Table 4.3

Reinforcing Steel Average Yield Stresses

Principal Steel Horizontal Steel Stirrups

Wall Area Yield Area Yield Area Yield
No. Size in. 2  psi. Size in. 2  psi Size in.2 psi

- #3 0.11 68,725 #2 0.049 70t585 D2.5 0.025 60,730
2 #3 o.11 68,725 #2 0.049 70,585 D2.5 0.025 60,730

2 #3 0.11 68,725 #2 0.049 70,585 D2.5 0.025 60,730

3 #3 0.11 68,725 12 0.049 70,585 D2.5 0.025 609730

4 #3 0.11 68,725 #2 0.049 70,585 D2.5 0.025 60,730

5 #3 0.11 68,725 #2 0.049 70,585 D2.5 0.025 60,730

6 #3 o.11 68,725 #2 0.049 70,585 D2.5 0.025 60,730

7 #3 0.11 68,725 D2 0.049 70,585 D2.5 0.025 60,730

8 #2 0.049 70,585 D2.5 0.025 60,730 D2 0.020 67,875
9 12 0.049 70,585 D2.5 0.025 60,730 D2 0.020 67,125

10 D3 0.030 56,200 D1 0.010 57,830 D1 0.010 66,000

Box #8 0.790 68,550 #6 0.440 63,340 #6 0.440 63,340
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Table 4.4

Explosive Charge Parameters

Test Standoff C-4 Equivalent Bomb Size Casing R/W 0.33
Wall- R Weight TNT Weight I.D. x Height Thickness

Shot feet lb "W"i lb in. x in. in. ft/lb 0 "3 3

1A 1.541 3.626 4.968 3.00 x 9.O0 Bare 0.903
1B 1.541 3.626 4.968 3.00 x 9.00 n, 070 0.903
1C Contact 1.074 1.478 2.00 x 6.00 Bare 0.073
ID 1.541 7.442 10.195 3.81 x 11.44 Bare 0.711
2A 1.541 4.700 6.439 3.25 x 9.75 Bare 0.829
2B 1.541 5.455 7.473 3.75 x 8.69 0.088 0.788
2C Contact 1.074 1.412 2.00 x 6.00 0.047 0.077
2D 1.541 5.455 7.473 3.44 x 10.31 Bare 0.788

3A 2.438 29.410 40.295 6.00 x 18.25 Bare 0.711
3B 1.541 7.082 9.702 3.75 x 11.25 0.088 0.723

4A 5.000 14.393 19.719 4.75 x 14.25 0.111 1.851
4B 2.438 14.393 19.719 4.75 x 14.25 0.111 0.902

5A 1.541 7.082 9.702 3.75 x 11.25 0.088 0.723
5B 1.541 3.626 4.968 3.00 x 9.00 0.070 0.903
5C Contact 1.074 1.472 2.00 x 6.00 0.047 0.077

6A 1.541 7.082 9.702 3.75 x 11.25 0.088 0.723
6B 1.541 3.626 4.968 3.00 x 9.00 0.070 0.903
6C Contact 1.074 1.472 2.00 x 6.00 0.047 0.077

7A 1.504 7.082 9.702 3.75 x 11.25 0.088 0.723
7B 2.438 14.393 19.719 4.75 x 14.25 0.111 0.903
7C Contact 1.074 1.472 2.00 x 6.00 0.047 0.077
8A 1.541 1.661 2.275 2.31 x 6.94 0.054 1.172
8B 1.541 3.626 4.968 3.00 x 9.00 0.070 0.903
8C 1.541 3.626 4.968 3.03 x 9.00 0.219 0.903
9A 5.000 14.393 19.719 4.75 x 14.25 0.111 1.851
9B 0.948 1.661 2.275 2.31 x 6.94 0.054 0.721

IOA 2.438 14.393 19.719 4.75 x 14.25 0.111 0.902
10B 1.541 3.626 4.968 3.00 x 9.00 0.070 0.903
10C Contact 1.074 1.472 2.00 x 6.00 0.047 0.077

Box-t1 1.51 3.625 !.I966 3.0 x 9.O0 Bare 0.904

Box-2 1.541 3.625 4.966 3.00 O 9.00 0.070 0.904
Box-3 1.541 3.625 4.966 3.0 x 9.00 o0.219 0.904

Box-4 1.541 7.437 10.189 3.81 x 11.44 Bare 0.711
BOx-5 1.541 7.437 10.189 3.75 x 11.25 0.088 0.711
BOx-6 1.541 7.437 10.189 3.75 x 11.25 0.344 0.711

Box-7 2.000 12.000 16.440 3.94 x 17.50 Bare 0.787
Box-8 2.000 6.250 8.562 3.19 x 13.50 Bare 0.978Box-9 2,000 6.250 8.562 3.06 x 14.31 0.156 0.997

Box-lO 2.000 9.000 12-333 3.94 x 13-12 Bare 0.866
BOx-11 2.000 3.860 0.979 3.06 x 9.38 0.250 1.171
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Figure 4.1. A wall panel being mounted on the reaction
structure.

.- • .. ý..7

Figure 4.2. The box structure left over from another
study, with walls tested in this study.
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Figure 4I.9. Reinforcement steel layout for the large
reinforced concrete biox.
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Figure 4.11. A typical baro charge.

Figure 4.12. A typical charge in a casing.
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Figure 4.14. Airblast gage mounts and a stress gage installed in
the reinforcing grid before the concrete was cast.
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PART V: TEST DATA

General

Data for the tests consisted of over 700 moasurements. Plots of

all the active measurements verses time are given in Appendix A. The

first few hundredths of milliseconds of each plot (before any data could

occur) were made zero to eliminate any noise spikes from the detonation.

Pressure distributions are given in Appendix B. Pretest and poattest

pictures of each test are presented in Appendix C. The peaks of the

active gages, the passive measurements, the spall velocities ane the

hand measurements of the damage are all summarized in various tables

presented below. The measurements, trends, and major points of interest

are discussed in the following sections.

Pressure Data

The peak pressure at the various pressure gage locations in all of

the A, B, and D tests on wall panels are summarized in Table 5.1. The

pressure measurements cn the lower portion of the wall panels were of
special interest because the lower back portions of the wall panels
often spalled. Notice that many of the airblast gages in the bottom and

quarter rows were destroyed or hit, so no realistic measurements were

recorded for many of these gages. The airblast gages in these two lower

rows were jubjected to very sharp peaked pressure-time histories, in-

tense heat from the fire ball of the bomb, ejecta from the bomb crater,

and, if the bombs were cased, high-velocity bomb fragment impacts. The

airblast gages in the bottom row were especially prone to destruction,

almost all of the bottom airblast gages were destroyed during tests 1A

through 4A. No more airblast gages were installed in the bottom row

(PB row) after test 4A. Most of the airblast gages in the quarter row

(PQ row) which survived, measured two main peaks. It is believed that

the second peaks were from the airblast waves reflecting from the ground

and arriving slightly after the main airblast wave. Most of the peak

reflected pressure measurements did not match the predictions from

curves in Figure 2.4 for equivalent weight hemispherical TNT charges
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detonated at the surfane. It is believed that the peak pressures which

were extremely higher that the predictions were due to either multiple

reflections, high temperatures, or excitation of the airblast gages

natural frequencies. The peak pressures that were slightly lower or

higher than the predictions were probably due to casing effects and

geometry differences. References 1 and 47 also reported large discrep-

ancies between measured and predicted peak reflected pressures during

close-in cylindrical charge detonatinns. Agreement was better in the

* .tests with the larger standoff distances.

The pressure distributions along thb quarter lines at various times

during each A, B, and D test are shown in Figures in Appendix B. In

addition, the peak pressure distributions for the same tests are shown

in Appendix B. Both types of pressure distributions indicate that the

airblast waves expanded somewhat cylindrically.

- -The rise times and durations of the airblast-time histories can in-

fluence spall depth and velocities. The arrival times, rise times, and

the durations of the airblast measurements at PQ-0 and PQ-1 (which are

in front of the area where spall was expected) are given in Table 5.2.

The arrival times of the bomb fragments are also given in Table 5.2 for

comparison to the arrival times of the airblast. The airblast arrived

before the bomb fragments in all of the tests, except for the tests with

the largest standoff distances in which the bomb fragments arrived

before the airblast arrived. The rise times of the airblast ranged from

0.016 to 0.220 msec with the majority of the ,ise times in the lower end

of this range. The average ratio of rise time to arrival time for the

good measurements was 0.24. For lack of better guidance on calculating

rise times for theoretical analysis, this ratio can be used for similar

bomb threats. The durations were all well below 1 msec. The corre-

sponding wave lengths were, however, all many times greater than the

thicknesses of the test panels. Thus, the airblast pressures had to

unload rapidly to cause spall.

The unit positive impulses measured at the various airblast pree-

sure gage locations during all A, B, and D tests are summarized in

Table 5.3. The unit positive impulses were all under 1.02 psi x second.
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Stress Data

The peak stresses, rise times, and durations measured by the Mini-

Flat-Pack stress gages are given in Table 5.14. The Mini-Flat-Packs were

experimental gages and did not always successfully measure stress. Dur-

ing the first 12 tests, 2 of the gages failed to respond well (including

a gage with a pulse power supply), and the others measured strong elec-

tronic noise pulses from the bomb detonations. The intense electronic

noise from the bomb detonations started immediately at time zero and

quickly died down by 0.2 msec. The problem was the stress waves in all

tests with standoff distances of 1.54 feet or less arrived at the stress

gages before 0.2 msec and were mixed with high level noise. Only the

stresses for tests with contact charges (which had very high peak
stresses) or tests with standoff distances greater than 1.541 feet were

measured successfully during the first 12 tests. Several of the first

12 tests were too noisy to distinguish arty stress measurements.

Several attempts were made to reduce the electronic noise each suc-

cessive test. A metal wire screen was taped to the front of the wall

panel in test 5A to act as a Faraday Shield against the electronic

noise. This reduced the intensity of the electronic noise tremendously

and was used in the rest of the instrumented tests. However, 5 of the

16 tests with Faraday Shields did not have successful stress measure-

ments. It appeared that the 5 gages did not respond. The stress mea-

surementsinthlow e peak ssan happae lik mtogtedium-lvel, noise. ipl

spikeens winthlose 5p e sts hnapare no k stogmtessumwavel osea.ulil

In ummrya total of 7 stress gages were too noisy to read,

7Ftes.ae did not respond well, and 15 measured believable peak
stresses. There were no large air voids seen, after cutting the panels,

around the 7 stress gages which did not respond. Nothing was found

wrong with the 7 gages that did not respond.

The minimum time it took the front of the stress wave to travel

from the stress gage to the back of the wall and return to the gage isKls the veasre stes wavl e in4 ocmachstest.oI the rise time wasd shoratero

alemesougien intabes 5.ve for ecmparson to the rise time wand duoratioro

than the travel time, then the front of the reflected portion of the

wave arrived back at the stress gage after the peak incident stress had
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passed the stroos gage, which means that the peak stress measurement

equaled the actual peak stress. However, if the rise time was equal to

or greater than the travel time, then the fron.~ of the reflected portion

of the wave could have anrived back at the stress gage before the peak

incident stress arrived, and combined with the incident stresses to make

a net stress lower than the actual peak stress. If the duration of the

measured stress wave was longer than the travel time, then the front of

I...,the reflected portion of the stress wave arrived back at the gage before
the end of the incident portion of the wave passed the gage and the un.-

loading portion of the measured stress wave is different than that of

the actual stress wave.

Acceleration Data

The peak accelerations, velocities, and displacements measured by

the AWHM gages at the mid height of the wall panels awe tabulated in

Table 5.5. The accelerations of the floor and roof were measured for

another study and will not be discussed further in this report. Notice

that the AWHM acceleration measurements shown in Appendix A had early-

time high frequency and very high peaked spikes in one direction. The

AWHM measurements were all initially knocked off their base line shifts

by large amounts. The baselines in the plots shown have been shifted to

bring the initial and final accelerations back to zero. However, the

peak displacements derived from the acceleration plots are many times

high-frequency, high-peaked, initial acceleration measurements are

believed to have been due to a portion of the stress wave traveling into

the accelerometer and shocking it. The later accelerations may be due

to the wall motions.

Displacement Data

The peak and permanent, active and passive displacement measure-

ments at the mid height of the wall panels are tabula.ted in Table 5.5.

There were no active displacement gages in tests 1A and 1B, because the

,dk-first type of gages obtained interfered with the other g~ages. Another
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type of diaplacement gage was obtained for the rest of the tests. The

accuracy of the passive measurements were approximately ±0.031.

The permanent displacement of the bottom of the wall panels at the

center of the test area are tabulated in Table 5.6. These measurements

were taken from the back wall of the reaction structure to the wall

panel at floor level. The measurements were sometimes just the dis-

placement of threshold spall bulging from the wall and at other times

were actual wall displacement. Some of the walls with severe loads,

such as 3A, 8B, and 9A, sheared at the floor and displaced Inward.

Strain Data

The strain gages also picked up the high-intensity noi.e from the

bomb detonations for the first 0.1 msec. The actual strains did not

occur until later, so, approximately the first 0.1 msec was made zero to

eliminate the noise. Ths permanent strains were the most reliable and

useful data from the strain measurements. The permanent strain measure-

ments are tabulated in Table 5.7. Notice the permanent strain measure-

ments at tho bottom of the wall panels, which incurred spall damage,

were many times larger than the permanent strains at the center and top

of the wall panels. The large strains at the bottom were most likely

K-. caused by a combination of the "cracked-off" concrete pulling on the

steel, a reduction in the effective depth of the steel due to spali and

scabbing, loss of bond, and the much higher loads on the bottom portion

of the wall.

Measurements of Spall Damage, Velocity, and Cracks

The depths of spall, areas of spa!i, depths of first cracks, depths

* iof the deepest cracks, crack angles, and spall velocities are all tabu-

lated in Table 5.8. The pictures of the cross-sections in Appendix C

have scales in them, so additional measurements of damage can be ob-

tained from the pictures, if desired. There are no measurements of

crack depths or angles for the tests on wall panel 2 because this wall

was subjected to aaditional tests for another study and was not cut.

The spall depths were measured from a straight edge over the spall hole
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to the deepest part of the spall hole. The spall depth measurements

were only accurate to about ±0.18 inches, because the spalled surface

was very rough. The spall area length and height are the longest

horizontal and vertical measurements across the spall holes. The

spall holes were irregular in shape, but many of them were somewhat like

a half circle. Most of the spall area heights were 1 to 2 times the

bomb height. The spall holes in test 3A were v3ry deep and scattered,

and may have been partially due to large displacements. The crack

depths were measured relative to the portions of the wall panels which

had borne against the floor. The angles of the cracks were measured

from the normal to the wall panels back face at the floor level. The

walls with the severest loads had the sharpest crack angles. The cracks

started at these angles and gradually curved to parallel the wall faces

at the deepest point and to some oblique angle at the top ends of the

cracks. The spall velocities are the velocities of the lead spall

fragments. The various sized spall fragments behind the lead spall,

traveled at various velocities and were difficult to follow in the film.

Measurements of Scab Damage

Scab is the ejection of concrete from the same side of the wall

from which it was loaded. It is caused by extremely high compressive

loads fracturing the concrete. Contact bombs or bomb fragments usually

cause large areas of the front of a wall to scab. Same cased charges

caused a continuous band to scab and others caused multiple scab areas

in a zone across the lower portion of the wall panels. The scab zone

depths; lengths, and widths for each test are given in Table 5.9. The

scab depths were measurements from the bottom of a straight edge across

the scab hole to the deepest part of the scab hole. The measurements

were probably only accurate to within about 1 0.18 Inches, because the

scab hole was very rough and pitted. A few bomb fragments were found

still sticking in the concrete in the scabbed area. The scab depths

were probably close to the average penetration depth of the bomb frag-

ments in the cased charge tests. Scab lengths and widths were the

longest horizontal and vertical measurements of the zone severely

scabbed or pitted. The scab heights in the cased charge tests were

usually slightly less than the heights of the bombs.
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Table 5.1

Peak Pressures at Gage Locations for A. B. and D Teats

Test Peak Pressure. Psi
No. PB-o Pe-I PB-2 FQ P-Ž •.

First Half of Gate Locations

IA Hit 15,800 18,800 3,860 6,000 5,810 Hit

1B No Hit Hit Hit 10,850 Hit Hit

1D o0,O00 Hit Hit 3,290 8,550 Hit Hit "1

2A Hit Hit Hit 4,750 8,170 10,500 7,550

2B No No No flit 14,700 Hit Hit

2D Hit Hit Hit 4,020 Hit Hit 8,060

3A Hit Hit Hit 4,060 7,000 Hit 12,200

3B No No No No 6,950 Hit 4,580

4A Hit No No No 2,560 Hit Hit

4B No No No No Hit Hit 5,990

5A No No No No Hit Hit 30,000

5B No No No No 7,600 10,600 4,180

6A No No No No Hit Hit Hit

6B No No No No Hit 1r),000 Hit

7A No No No No Hit Hit 29,500

7B No No No No Hit Hit 18,600

SA Ne No No No 7,100 7,170 Hit

3B No No No No Hit Hit 5,300.I

9A No go No No 4,200 Hit 2,080

9B No No No No 10,000 Hit 2,380

IOA No No No No 6,300 5,600 Hit

10B No No No No Hit >34,200 >26,500

(Continued)
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Table 5.1 (Concluded)

Test Peak Pressure. Lai
No. P1-0 Pe4-2 PH-3 P-__0 P-2 PT'3 Bp

Second Halt of Gage Locations

IA 820 730 396 340 395 198 Hit

1B 297 526 487 170 182 152 Hit

ID 990 832 525 743 470 365 2,120

2A 600 495 515 431 420 222 1,695
2B 5,800 570 470 232 166 193 Hit

2D 1,840 632 450 585 244 371 1,980

3A 4,050 2,500 1,500 835 530 430 3,900
3B Hit 9,300 440 222 252 170 Hit

4A 1,395 890 915 372 392 308 450

4B 660 1,610 1,250 436 438 337 9,900

5A 412 830 383 200 210 180 7,200

5B 427 1,000 382 370 265 180

6A 940 825 680 306 270 265 Hit

6B 760 Hit 595 238 202 226 1,480

7A 800 810 314 188 202 176 1,480

7B 1,297 1,348 1,050 298 382 283 3,100

8A 242 204 168 97 96 80 1,500
8B 404 587 271 117 152 154 1,740

9A 1,700 1,530 950 600 424 460 900
9B 222 268 122 67 86 87 1,200

IOA 1,438 1,100 1,500 Broken 302 320' 1,500
SlOB 364 420 600 120 140 154 1,360
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Table 5-2

Rise Times, and Durations of Pressure-Histories on Portions

of Walls Where Spall Domaze Was Expeoted

PC-o 1 Fragmnts
Arrival Rise Arrival Rise Arrival

Test Time Time Durations Time Time Durations Times
No. mseo mLeo mwee m=o wee mwee e

Gaze Looat ions

IA 0.110 0.035 0.53 0.105 0.020 0.50 --

I 0.135 0.050 0.50 Hit Hit Hit 0.18

ID 0.119 0.047 0.53 Hit Hit --

2A 0.120 0.050 0.55 0.104 0.0410 Hit --

2B 0.185 0.029 Hit Hit Hit Hit 0.18

2D Hit Hit Hit Hit Hit Hit --

3A 0.185 0.025 Hit Hit Hit Hit --

3B 0.175 0.034 Hit Hit Hit Hit 0.18

4A 0.610 0.220 0.63 No No No 0.59

4B Hit Hit Hit Hit Hit Hit 0.29

5A Hit Hit Hit Hit Hit Hit 0.18

5B 0.200 0.010 0.80 0.170 0.044 0.85 0.18

6A Hit Hit Hit Hit Hit Hit 0.18

6B Hit Hit Hit O.150 0.025 Hit 0.18

TA Hit Hit Hit Hit Hit Hit 0.18

7B Hit Hit Hit Hit Hit Hit 0.18

8A 0.185 0.020 0.53 0.176 0.016 0.30 0.18

8B 0.174 Hit Hit Hit Hit Hit 0.18

9A 0.606 0.138 Hit Hit Hit Hit 0.59

9B 0.122 0.028 Hit Hit Hit Hit 0.11

1OA 0.228 0.070 Hit 0.255 0.035 Hit 0.29

108 Hit Hit Hit 0.164 0.020 Hit 0.18

* Note 'the only PB-O or PB-1 to survive was PB-1 in Test IA. The
arrival time, rise time, and duration of this measurement were
0.019 meea, 0.10 maee, and 0.53 meec respectively.
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Table 5.3

Unit Positive Impulse at Gage Looations

for A, B, and D Tests

Test Unit Positive Impulse, psi x sea
No. PB-0 PB-I PB-2 PB-3 PQ-O PQ-1 PQ-2

First Half of Gage Locations

1A Hit i.000 0.950 0.480 0. 5 0.514 Hit

1B No Hit Hit Hit 0.650 Hit Hit

1D Hit Hit Hit 0.435 1.000 Hit Hit

2A Hit Hit Hit 0.408 0.800 Hit 0.582

2B No No No Hit Hit Hit Hit

2D Hit Hit Hit 0.461 Hit Hit 0.568

3A Hit Hit Hit 0.720 Hit Hit Hit

3B No No No No Hit Hit 0.263

4A Hit No No No 0.463 No No

4B No No No No Hit Hit 0.780

5A No No No No Hit Hit 1.000

5B No No No No 0.745 0.680 0.425

6A No No No No Hit Hit Hit

6B No No No No Hit Hit Hit

7A No No No No Hit Hit 1.665

7B No No No No Hit Hit 1.440

8A No No No No 0.512 0.322 Hit

8B No No No No Hit Hit 0.397

9A No No No No >0.550 Hit 0.118

9B No No No No Hit Hit 0.215

10A No No No No Hit Hit Hit

10B No No No No Hit Hit Hit

(Continued)
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Table 5.3 (Concluded)

Test UnitPositive _I__me_. _1 L
No.L P14-0 P- M3P- T- 3 B

S3eond Halt of Lou t Ltons
IA 0.087 0.106 0.059 0.052 0.083 0.041 Hit

1B 0.035 0.060 0.059 0.035 0.033 0.03 Hit

ID 0.128 0.11f 0.086 0.068 0.06* 0061 0.073
2A 0.092 0.085 0.075 0.061 O.0% 0.0/6 0.076

28 0.480 0.072 0.066 0.023 0.040 0.039 Hit
2D 0.355 0.082 0.065 0.650 0.052 0.052 0.073
3A 0.753 0.520 0.283 0.181 0.129 0.099 0.150
3D Hit 1.020 0.072 0.05 0.0*6 0.053 Hit

4A 0.250 0.223 0.174 0.068 0.114 0.086 0.040
4IB 0.123 0.218 0.189 0.085 0."75 0.066 0.810

5A 0.048 0.103 0.070 0.040 0.035 0.0*6 Hit
5B 0.087 0.096 0.072 0.05 0.00 0.0*3

6A 0.185 0.102 0.096 0.047 0.0*2 0.0*2 Hit

"6B 0.045 Hit 0.087 0.039 0.0*2 0.03* 0.035

7A 0.04)2 0.114 0.057 0.037 0.039 0.038 0.050
7B 0.250 0.256 0.174 0.081 0.068 0.061 0.3"

8A 0.037 0.034 0.028 0.020 0.021 0.019 0.078
88 0.068 0.069 0.049 0.027 0.029 0.032 Hit

9A 0.3115 0.295 0.125 0.115 0.107 0.106

9B 0.032 0.025 0.015 0.017 0.018 0.019 0.35
10A 0.236 0.218 0.258 Broken 6.083 0.090 0.072
OAB 0.064 0.06* 0.082 0.033 0.038 0.035 0.o2
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Table 5.4

Peak Stresses, Rise Times, and Travel Times

Peak* Rise- Travel
Stress Time Duration Time

Test No. psi msec msec msee

1A 2,000 0.020 0.035 0.058

1B 2 x Broken -- -- 0.058

IC 12,200? 0.012 0.150 0.058

1D Noisy -- -- 0.058

2A Noisy -- -- 0.058

2B 5,500? 0.019 0.083 0.058

2C 1'I,500? 0.020 0.140 0.058

2D Noisy -- -- 0.058

3A 7,350? 0.050? 0.135 0.050

3B 7,350 0.039 0.055 0.050

4A 1,290? Noisy Noisy 0.050

4B 3,500? 0.020 0.107 0.050

5A 23,300 0.021 0.045 0.044

5B 5,350 0.018 0.046 0.044

5C 61,000 0.019 0.073 0.044

6A 18,500 0.045 0.093 0.046

6B 16,800 0.036 0.090 0.046

6C Broken -- -- 0.046

7A 13,600 0.055 0.130 0.058

7B 8,150 0.030 0.116 0.058

7C Broken .... 0.058

8A Broken -- -- 0.047

8B 9,800 0.030 0.137 0.047

8C No Gage -- -- 0.047

9A 2,450 0.02 0.395 0.037

9B Broken -- -- 0.037

1OA 14,800 0.040 0.135 0.077

lOB Broken .... 0.077

10C 32,920 0.029 0.152 0.077

SThe "?" indicates the record was very noisy and the accuracy of the
reading is questionable.
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Table 5.6

Displacement of the Wall Panels

at the Floor

Test Displacement

No. in.

1A 0

lB 0.30

1C 0

1D 0.25

2A 0

2B 0

2C 0.06

2D 0

3A 1.59

3B 0.22

4A 0

4B 0.25

5A 0

5B 0

5C 0

6A 0.50

6B 0.37

6C 0

7A 0

7B 0.50

7C 0.31

8A 0.12

8B 0.56

8C 1.31

9A 0.81

9B 0.38

1OA 0.75

1OB 0.19

10C 0.50
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Table 5.7

Permanent Strains in Wall Panels During

A, B, and D Tests

Test Gage Locations

No. EOB EIB EOM EIM EOT ElT

Strains, microin./in.

1A -900 2,500 350 -300 500 0

1B -30,000 10,000 0 500 360 20

1D 1,500 -3,000 -400 400 12,850 -100

2A -750 8,600 Broken 200 165 20

2B -400 11,500 130 -250 700 10

2D -1,750 2,000 Broken 100 230 0

3A 4,500 47,100 2,500 13,000 -2100 -4200

3B 62,000 4,500 650 -800 800 120

4A -400 Broken 1,250 -420 0 -420

4B Broken Broken 0 -2,600 -200 100

5A >70,000 >61,000 820 Broken 1,140 850

5B 2,000 Broken 500 250 290 540

6A 0 0 Broken 3,250 200 Broken

6B 0 Broken 220 7,600 Broken -50

7A >72,200 >64j500 570 -50 525 -70

7B >61,000 Broken 100 Broken 120 -80

8A 100 Broken 450 Broken -200 0

8B 7,400 >62,800 1,000 -920 0 135

9A 0 >65,000 -100 30,700 -2,000 100

9B 3,000 Broken 840 -300 270 70

1OA Broken Rroken 250 Broken 10,000 400

lOB 200 Broken Broken Broken 320 100
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Table 5.8

Measurements of Damage and Spall Velocities

Firit
Spall Spall Area Crack Deepest Crack Spall

Test Depth Length/Height Depth Crack Angle Velocity
No. in. in. x in. in. in. deg ft/sec

1A No Damage -- None None -- --

1B Threshold -- 2.62 5.00 35 15
iC 2.50 23.5 x 14.8 3.19 4.25 25 53
1D 2.25 17.1 x 11.6 2.44 4.50 25 28

2A No Damage -- None None ?--
2B Threshold -- ? ? ? --
2C 2.25 28.0 x 13.5 ? ? ? 57
2D Threshold 27.0 x 3.0 ? ? ? --

3A Breached 38.0 x 27.0 (4.87) -- 14 69
3B 1.38 23.4 x 15.0 2.31 4.50 50 39

4A No Damage -- 7.06 Same 48 --
4B 1.81 11.0 x 22.0 3.75 4.75 16 44

5A 3.75 34.0 x 19.3 None None 40 ?
5B 1.06 13.5 x 11.0 1.50 3.56 50 17
5C 4.38 27.0 x 16.0 5.38 Same 56 89

6A Thresnold -- 2.75 7.50 19 --

6B Threshold- 2.44 5.75 15 --
6C 3.75 16.0 x 13.1 4.75 4.75 27 44

7A Threshold -- 2.00 6.50 31 --
7B Threshold -- 2.25 5.00 26 --
7C 2.00 8.0 x 10.0 3.00 7.25 39 35

8A No Spall -- 4.75 Same 45 --

8B Threshold -- 1.00 2.50 25 57
8C Breached ?-- -- ? 65

9A Flexure -- 0.87 3.25 28 69
9B Threshold -- 0.94 2.44 35 --

1OA 1.25 6.0 x 7.0 2.00 6.00 28 37
lOB Threshold -- None None -- --

10C 0.62 15.0 x 11.5 1.37 4.75 16 70

Box-1 No Damage ...... ? --

Box-2 2.50 10.0 x 7.0 ? ? ?
Box-3 3.00 20.0 x 16.o ??
Box-4 No Damage ..........
Box-5 3.75 39.0 x 16.0 ? ? ? ?
Box-6 3.25 50.0 x 20.0 ? ? ? ?
Box-7 3.00 40.0 x 23.0 ? ? ? ?
Box-8 No Damage ..........
Box-9 3.00 40.0 x 20.0 ? ? ? ?
Box-10 Threshold -- 1.12 ? --
Box-11 Threshold -- 1.50 ? --
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Table 5.9

Scab Damage in the Fronts or Walls

Soab Scab Area
Test Depth Length x Height

No. in. in. x in.

IA None --

1B 0.75 ? x 4.0
iC 2. 44 17.0 x 12.8
1D None --

2A None --

2B 1.25 --

2C 2.50 15.0 x 13.0
2D None --

3A Breaohed --

3B 2.00 68.3 x 141.0

4A 2.25 110.0 x 5.0
4B 2;38 105.0 x 15.0

5A 1.25 54.0 x 114.0
5B 0.94 56.0 x 13.5
5C 1.85 12.0 x 12.0

6A 1.06 62.5 x 15.3
6B 1.50 ?
6C 2.00 15.0 x 12.0

7A 2.00 ?
7B 1.38 ?
7C 2.25 ?

8A 0.88 142.0 x 11.5
8B 1.40 53.0 x 11.6
8c Breaohed --

9A 2.50 83.5 x 17.2
9B 0.62 18.0 x 9.4

IOA 1.T5 83.0 x 14.0
10B 1.00 145.0 x 9.0
10C 1.88 13.8 x 12.0

Box-1 None
Box-2 1.00 56.0 x 10.0
Box-3 2.50 60.0 x 13.0
Box-4 None
Box-5 1.00 72.0 x 12.0

Box-6 2.50 75.0 x 17.0
Box-7 None
Box-8 None
Box-9 1.50 ? x 18.0
Box-10 None
Box-il 1.25 1410 x 15.0
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PART VI: ANALYSIS

General

A summary of the major test parameters and the resulting damage is

compiled in Table 6.1. The damage classifications are based upon the

criteria given in Table 6.2. The effect of various Parameters on spall

damage are discussed below.

Analysis of Spall Caused by a Bare Bomb

Test ID is analyzed first to determine the conditions which caused

spall. Test ID was conducted on a "4,000 psi" concrete wall with a

7.44 lb bare charge at 1.54 feet from the wall. The spall appeared to

be a single layer aid the concrete was cracked two layers. The stress

gage record is not good, so the stress wave will have to be calculated

from the airblast record at PQ-0, which was in front of the area which

spalled. Note the second peak in the alrblast record is from a

reflection of the airblast off the ground between the bomb and the wall.

The initial rise time (0.000047 sec), peak stress (8,550 psi), and the

static modulus of elasticity (4.8 x 106 psi) were used to approximate

the strain rate of:

8,550 psi/(4.8 x 106 psi) (0.000047 sec) 38 sec-1

According to Figure 2.18, the dynamic compressive strength of the con-

crete strained at 38 sec-1 is greater than 2 times the static strength.

The static strength was 5,080 psi so the dynamic compressive strength

was greater than 10,180 psi. The peak reflected airblast pressure of

8,550 psi was below the dynamic compressive strength, and is assumed to

be below the Hugoniot elastic limit. Therefore, the propagation veloc-

Ity was probably constant, attenuation was neglible, and the induced

stress wave probably only significantly changed due to divergence. The

pressure distribution on the wall indicates that the airblast wave ex-

panded approximately cylindrically (see Appendix B). A cylindrically

expanding alrblast wave diverges according to equation 2.19. To calou-
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late the net stress at the spall plane (2.25 inches from the back of the

wall), the peak reflected stress and the incident stress must be

determined. The peak stress traveled 8.5 inches through the wall,

reflected, and traveled back 2.25 inches for a total of 10.75 inches.

It arrived at the spall plane at time 0.24 msec. It diverged to:

(2.25,0.24) m (8,550 psi) N8"5 = 6,800 psi
418.5 +10.75

The incident stress at the spall plane is behind the peak stress by:

2d 2(2.25 in.)
c (12,150 ft/see) (12 in./ft) - 0.000031 seconds.

The reflected airblast pressure 0.000031 sec after the peak reflected

airblast pressure was 3,100 psi. This stress traveled from the front of

the wall panel 6.25 inches to the spall plane. It diverged to:

(2.25,0.24)- (-3,100 psi) ____'__ - -2.680 psi
V/18.5 + 6.25

The theoretical net stress at the spall plane was:

0net(2.25,0.24) - 6,800 psi - 2,680 psi - 4,120 psi

The ratio of this failure stress to the static split tensile strength

was 4120/578 - 7.13. This was close to the ratio extrapolated from the

curve for dynamic tensile strength of concrete in Figure 2.19. The unit

impulse trapped in the spall layer was theoretically 0.38 psi-sec. The

lead spall velocity was measured at 28 ft/sec. The unit impulse re-

quired to cause the spall to travel at this velocity was:

I - mV - (150 lb/ft 3 )(2.25 in.)(28 ft/sec) 0.17 psi x sea
i-mv- 2 -01 ps3 e

(32.2 ft/sec )(1,728 in 3 /ft 3 )

The rest of the trapped impulse, 0.21 psi x second, was needed to over-

come resistive forces such as bond, shear around the periphery of the

spall zone, and mechanical interlocking. Thus, state of the art theory

can be used to predict if and where a stress wave below the HEL will

cause a tensile crack. However, theoretical methods for predicting any
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changes in stress waves due to attenuation or stresses propagating at

different velocities, and theoretical methods for predicting the forces

which resist against the spall leaving the wall, are needed before spall

can be theoretically predicted.

Effect on Spall of Changing Charge Weighit
at a Given Standoff Distance

TssI,1,2,ad2D show how varying bare bomb sizes at a

givn sandff istnceaffects spall. The standoff distance for all

4 1 tests ws1.54 feet. The charges were bare and varied from 3.63 to

7.44 pounds of C-4l to cause various degrees of damage. Figure 6.1 comn-

pares the pressure-time histories at PQ-0 for tests 1A, 1D, and 2A (the

PQ-0 gage in test 2D was hit). All of the peak pressures were less than

* ~the predictions from Figure 2-41. Notice that all three of the pressure

plots have a second spike after the main peak. These second spikes were

most likely from reflections of the airblast wave off the ground between

the bombs and the wall panels. The second spikes actually helped to

prevent spall because they arrived before the first peaks had unloaded

very mich and they unloaded at slower rates (were less sharp) than the

first peaks. The bombs were ignited at their tops. Thus arrival times

of the second spikes could be calculated by assuming the pressure comes

from the point of ignition.

Test 1D, which caused medium spall was analyzed in the previous

section.

Test IA was conducted at the same standoff distance but with a

smaller bomb (3.626 pounds) and scaled standoff distance than test 1D

and caused no damage. The pressure-time history at PQ-0 had a smallier

peak pressure and unit impulse in test IA than in test 1D), as expected.

The duration of the pressure-time history was the same in both tests.

The strain rate was approximately (6,000 psi)/(4.8 x 106 psi)

(0.000035 sec) - 36 seac1 . According to Figure 2.18, the dynamic com-

pressive strength was greater than two times the static strength. Thus,

compressive strength was greater than 10,180 psi again, and the peak

pressure of 6,000 psi was below the HEL. The dynamic tensile strengthK' in this test was roughly approximated at 4,000 psi, based upon the
A dynamic tensile strength in test 1D and upon Figure 2.19. The peak net
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stress was calculated at several points in the wall panel and all of

them were below 4,000 psi. The second spike, caused by the pressure

wave which reflected from the ground, came early enough behind the first

spike to keep to the peak net stresses below 4,000 psi. The second

spike unloaded at a slower rate than the first spike and its peak

reached the front surface of the wall before a peak net stress could ex-

ceed 4,000 psi. The largest peak net stre'ss was when the peak reflected

stress reached the front of the wall panel. At that point, the peak re-

flected stress had diverged to 4,331 psi and the incident stress was

1,580 psi, making a peak net stress of 2,751 psi. Therefore, no damage

should have occurred.

Test 2A was at the same standoff distance, but with a bomb

(4.70 pounds) between the sizes in test 1A and ID. No damage was in-
curred. The strain rate was approximately 34scad1h yai

tensile strength was probably 3,900 psi, a little less than in test

1A. The largest peak net stress was 3,647 Psi, when the peak reflected

stress reached the front of the wall panel. This was below the dynamic

tensile strength of approximately 3,900 psi. The second spike from the

reflected airblast wave kept the incident portion of the stress wave

high enough to keep net stresses below 3,900 psi before the peaks

* reflected again from the front of the wall.

Test 2D was at the same standoff distance as !A, 1D, and 2A and

had a bomb (5.45 pounds) between the sizes in test 2A where no damage

occurred and test 1D where damage ocurred. Test 2D caused a small

threshold spall. Unfortunately, the airblast gages at PQ-0 and PQ-1

were damaged and no pressures were measured. The stress gage did not

measure believable stresses and was noisy. No crack depth could be ob-
tained hecause wall panel 2 was used in other tests and was not cut at

the test locaticns. Thus, there are no data to analyze. It is believed

K: that the. airblast load was enough to cause the concrete to crack but the
impulLe trapped between the crack and the back surface was not enough to

overcome the resistive forces.

These 4 tests illustrate how spall is dependent upon the magnitudes

and the shape of the stress waves in the concrete. Spall can only occur

when the peak reflected stress is greater than the dynamic tensile

strength of the material, when either the wave length of the stress wave
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is shorter than twice the wall thickness or the unloading portion of the

stress wave unloads rapidly enough so that the sum of the peak reflected

stress and the corresponding incident stress exceeds the dynamic tensile

strength of the concrete, and when the impulse trapped between the crack

and the back surface is enough to overcome forces resisting the portion

behind the crack leaving the wall. The standoff distance and bomb have

to be relatively small in order for an airblast wavelength to be smaller

than twice most standard wall thicknesses. Refer to Figure 2.4 to see

that peak reflected airblast pressure and scaled impulse (ir/W 0 "33) in-

crease and scaled duration (td/WO 33) decreases with increasing charge

weight at a given standoff distance. The airblast loads unload or decay

exponentially. The rate of unloading increases (i.e., the stress wave

becomes sharper) with increasing unit impulse and decreasing duration.

Since td/W0"33 decreases as W0"33 increases td does not change as

rapidly as peak pressure or impulse. Thus increasing charge weight at a

given standoff increases peak reflected pressure and impulse which make

the unloading portion sharper and increases chances for spall.

Effect on Spall of a Bare Contact Charge

Test IC was with a 1.074-pound bare charge in contact with the wall

panel. The contact charge made a crater 2.44 inches deep by 17.0 inches

wide by 12.8 inches high in the front of the wall panel. The formation

of a crater implied that the stresses induced into the wall panel were

above the dynamic compressive strength of the concrete. The stress wave

probably changed magnitude and shape greatly as it propagated through

the first few inches of concrete. The average velocity of the stress

wave as it traveled from the front of the wall to the stress gage was

7,870 ft/sec. This is much less than the elastic propagation velocity

of 12,150 ft/sec measured in a test cylinder. This discrepancy indi-

cates the stress measurement was incorrect because at least an elastic

precursor should have propagated at 12,150 ft/sec. The stress gage at

the mid-plane in the wall measured a strong stress wave well above the

noise. The first spike may have been an elastic precursor or noise.

The peak stress measurement was 12,200 psi, the rise time was 0.012 msec

and the duration was 0.150 msec. The approximate strain rate (using the
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static modulus of elasticity) was 212 sec". This is well above the

limits of Figure 2.18, so the dynamic oompressive strength of the con-

crete was probably much greater than just two times the static compres-

sive strength of 5,080 psi. Assume for the moment that the dynamic com-

pressive strength of the concrete was above the peak stress at the gage

(2.4 times the static strength), then the stress wave would have only

significantly changed by divergence and would have propagated at the

elastic propagation velocity as it continued through the wall. If the

elastic propagation velocity was 12,150 ft/sec, then the time it took

the front of the stress wave to travel from the gage to the back of the

wall, reflect as a tensile wave, and travel back to the gage was

(8.5 in.) (1,000 meo/seo)/(12,150 ft/see) a 0.058 mseo. However, the

elapsed time between the arrival time (0.045 miec) and the start of un-

load time (0.122 maro) at the gage was 0.077 meec, which was greater

than 0.058 maes. One can not tell if the measured unloading portion was

solely the tail of the incident wave or a combination of it and the re-

flected tensile portion of the wave. In either ease, the propagation

velocity had to have been less than 12,150 ft/sec in order for the

stress measurement to be correct. A propagation velocity is needed to

analyze the spall. The spall depth was 2.50 inches deep. One does not

know if the spall was one or more layers. If it was one layer of spall,

the peak stress of 12,200 psi at the gage would diverge to 7,583 psi by

the time it reflected and arrived at the spall plane. If the concrete

failed at the same dynamic tensile strength as in test 1D of 4,120 psi,

then the corresponding incident stress at the spall plane was 3,463 psi.

This stress would have diverged from a value of 41,115 at the gage loca-

tion, and would have been 0.095 msec after the peak. The propagation

velocity corresponding to these assumptions was:

(2)( 2.50 in. (1,000 meo/a) 4,385 f
(12 in./ft)/(0.095 wseo) - t/3ac

This was much lower than expected for this concrete. If there were more

than one layer of spall, then the propagation velocity was ever less.

Thus, the stress measurement was inconsistent with other measurements

which indicated the stress measurement was incorrect.
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The test did demonstrate that contact bare charges can cause very

high peak stresses, scabbing and spall.

Effect on Spall of Changing the Bare Charge Weigiht and Stand-
off Distance at a Oiven Scaled Standoff Distance

Tests iD and 3A demonstrated the eftrets on spall of two different

size bombs at two different standoff distances, but the same scaled

standoff distance. The peak normally reflected airblast pressure should

theoretically be the same in both tests, but the peak pressure at looa-

tion PQ-0 in test ID was 8,550 psi and the peak pressure at PQ-0 In test

3A was 7,000 psi. The C-4 in the bomb in test 3A may have been slightly

less dense than in the bomb in test ID and this may have caused the

normally reflected peak pressure to be less. For a given scaled stand-

off distance, the impulse and the duration increase with increasing bomb

size and standoff distance. The increase in duration affects the shape
of the pressure-time history the most. Freidlander's equation for

describing the unload portion of an airblast wave (see equation 2.6)

illustrates this well. The duration (td) is used twice in equation 2.6

and the constant (b) is a function of both the impulse and duration.

The wall panels in both tests were identical. Since the size of the

walls were not scaled with the standoff distance, the pressure distribu-

tions on the walls were very different (see the pressure distribution

plots in Appendix B).

The total area of the wall which is severely loaded and the total

impulse on the wall panel both increase with increasing bomb size and

standoff distance for a given scaled standoff. The wall In test ID had

medium spall 2.25 inches deep and over an area 17 inches wide and
a... 11 inches high; compared to the wall in test 3A which, breached, severed

at the floor, had scattered deep spall areas (up to 4.9 inches deep),

and severe flexural damage over an area approximately 90 Inches wide and
43 inches high. This drastic difference in damage demonstrates the

fallacy of saying that spall occurs at or below a certain scaled stand-

off distance (such as in Reference 7). Spall is dependent upon the

shape of the stress wave as well as the peak reflected pressure.
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Differences in Spall Damage in "Cube-Root" Snaled
Testa of Owe Chares

Tests 1A and 2D were scaled models of tests Box 10 and Box 7,

respectively. The most important parameters of bomb sizes, standoff

distances, wall thicknesses, and the concrete strengths were all prop-

erly scaled. The scale ratio of the wall thickness and standoff dis-

tanoe in the wall panel tests to thoae In the box tests was 1.0 to

1.3. Tho heights and widths of the box walls were larger than those of

the wall panels, but were not scaled at tho same ratio as the thick-

nesses. However, since the only damage which ocurred was localized

spall in the lower portions of the walls (no flexural damage), it did

not matter if the heights and widths were not the exact scale. The

steel ratios in the wall panels were 0.25 percent and the box wa,1ls were

1.00 percent. This difference should not have affected the spall depth,

but may have affected the resistive forces against spell and the spell

velocities. (If it had any effect it should have decreased the mount

of spall in the box tests.)

Comparison of the spell damage in tests 1A and 2D with the spell

damage in test Box 10 and Box 7, respectively, show that spell damage

was worse in the larger scale box tests (see figures of tests in Appen-

dix C). Test 1A had no damage, whereas, test Box 10 had threshold

spell. Test 2D had threshold spall, whereas, Box 7 had mediu.m spell.

According to Hopkinson or cube-root scaling laws (Reference 5), the peak

normal reflected pressure and velocities should have been the same in

both tests, but length, time, and some other parameters scale. Time

scales at the same scale ratio as length, thus, the rise times and dura-

tions in the wall panel tests should have scaled to those in the box

tests by the same ratio of 1.0 to 1.3. Since the peak normally

reflected pressures remain the same but the rise times scale, the strain

rates should have scaled by 1.0 to 1/1.3. The dynamic tensile strength

of the concrete is dependent upon the strain rate of loading, so the

dynamic tensile strengths in the wall panel tests were probably greater

than in the larger box tests. Thus, the spell damage in the wall panel

tests were less than in the larger scale box tests benause the dynamic

tensile strengths of the concrete were different for different strain
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rates. This theory was confirmed by a series of tests on a full-scale

box structure and a quarter-scale model of the same structure conducted

later in another projecýt (Reference 47). The quarter-scale model suf-

fered no damage in scaled tests of tests which caused spall and breach

of the full-scale box structure. Thus, caution should be exercised when

v using small scale models to predict the spall damage of full-scale
structures, because they will under predict the damage. Empirical

prediction curves such as in Figures 3.3 and 3.4 for bare charges should

only be used to pred~ict spall in similar scale tests to those upon which

the curves were based.

Comparison of Damage Caused by Equal-Size
Bare and Cased Charges

Several tests were conducted to determine the differences in damage

caused by equal-size bare and cased charges at the same standoff dis-

tances from identical structures. See the pictures in Appendix C and

the data in Table 6.1 to compare the spall damage in tests IC with 2C,

1A with 1B, 2B with 2D, Box Iwith Box 2, Box 4 with Box 5, and Box 8
with Box 9. All of the tesýts with cased charges had worse damage than

the tests with the same size bare charges at the same distance from

identical walls, except the contact charge 2C. References 2, 46, and 47

also report worse damage in tests with cased charges than in similar

tests with bare charges. The difference in damage caused by equal-size

cased and bare charges was mi~nimal for contact charges and increased

with increasing standoff distance until the fragments became so scat-

tered that they only had a small local effect on the structure. This

is illustrated by comparing the damage prediction curves for bare and

cased charges in Figures 3.4 and 3.6, which were obtained from

Reference 46.

The difference in damage was due to the difference in loading

caused by equal bare bombs and cased bombs at various standoff dis-k' tances. The detonation of a bare charge results in primarily airblast
load on a nearby structure, whereas the detonation of a cased charge

results in primarily combined airblast and multiple fragment impacts

loads orn a nearby structure. Prediction methods for airblast and bomb

fragment loadings were given in Chapter 2. The airblast from a cased
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charge has a slightly lower peak pressure and unit impulse than the

airblast from an equal-size bare charge at the same standoff distance.

The stress waves induced by the multiple bomb fragment impacts are a

function of the bomb fragment sizes, masses, velocities, hardness, and

shape. Typical bomb fragments induce very sharp stress waves with very

high stresses (usually several kilobars at the surface) and very short

durations (much shorter than the airblast duration). The bomb fragments

P usually penetrate the concrete and cause a portion of the wall to scab

* '(see posttest pictures of the walls in Appendix C). Spall damage will

occur if the combined loads are severe enough. The difference in load-

ings in some of the bare and cased charge tests are analyzed below.

The contact charges in tests IC and 2C made similar craters in the

front of the wall panels and caused similar spall damage. The bare

charge in test IC even caused a slightly deeper 3pall (2.5 inchss) than

the spall caused by the cased charge in test 2C (2.0 inches). The

craters in the walls indicate that both bombs generated extremely high

airblast pressures (higher than the dynamic compressive strength of the

concrete). The medium spall damage indicates that the airblast loads

durations were short and they unloaded rapidly. According to theory,

the airblast from the cased charge should have a slightly lower peak

pressure and unit impulse than the airblast from the bare charge, be-

cause energy was used to break up the casing. There may have also been

a slight difference in the airblast loading because the center of the

cased charge was a casing thickness (0.047 inches) further from the wall

then the bare charge was from the wall. A portion of the cased bomb was

already against the wall before detonation, so the bomb fragments from

this portion did not impact the wall at some high fragment velocity but

were pushed into the wall by the pressure. Any stresses induced by bomb

fragments from other parts of the casing which were not in contact with

the wall, arrived at nearly the same time as the airblast and were over-

V shadowed by the extremely high airblast load. Since the peak stresses

induced at the surface of the wall were above the dynamic compressive

strength of the concrete, the shape and magnitude of the stress waves

changed due to attenuation and stresses traveling at different veloc-

ities, as well as due to divergence. Thus, the stresses measured by the

stress gages in the middle of the wall were different than those induced
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at the surface. Although the accuracy of the stress measurements are

questionable, the stress wave measured in test iC was less sharp and had

a lower peak stress than the stress wave measured in test 2C. Test 1C

was already analyzed in the previous section and the stress measurement

was inconsistent with other measurements. The test ?C stress measure-

ment had a rise time of 0.019 msec and a peak stress of 14,500 psi. The

rise time, peak stress, and a static modulus of elasticity were used to

approximate the strain rate of: 14,500 psi/0.000019 sec/4.86 x 106 psi

- 157 sec-I• This was well above the limits of Figures 2.18 and 2.19.

It was assumed that peak stress of the stress wave was below the dynamic

compressive strength of the concrete by the time it reached the gage

location. Therefore, the propagation velocity of all the stresses

beyond the gage was the elastic velocity of 12,120 ft/sec. The only

major change to the stress wave as it propagated further was

divergence. The peak pressure diverged to:

14,500 psi - 9,225 psi
)A-- 0..,

by the time it reached the spall plane. If there was only one spall

layer, the time behind the peak stress at which spall would have occured

was: (2)(2 in.)/(12 in./ft)/(12,120 ft/sec) - 0.000027 sec. This cor-

responded to a stress of 6,550 psi at the gage location, and

6,550 psi - 5,256 psi

at the spall plane. The dynamic tensile strength was 9,225 psi

- 5,256 psi - 3,969 psi, which was slightly less than that calculated

for test 1D. Thus, the stress measurement in test 2C was fairly con-

sistent with other measurements.

The difference in spall damage caused by bare and cased charges

varied more at larger standoff distances, because the airblast and bmnb

fragment loads varied differently with changes in standoff distance.

The airblast load rapidly decreases in peak pressure, decreases in unit

impulse, decreases in velocity, increases in duration, and unloadsK slower (becomes less sharp) with increasing standoff of a given bomb.

The previous sections already discussed the effect of various bare
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charges, i.e. airbiast loads on spall damage. It was showrn that several
of the bare bombs in this test series produced airbiast waves with

wavelengths many times longer than the wall thickness and with unloading

portions slow enough that t~he peak net stress would not exceed the

dynamic tensile strength of the concr'ete. In comparis'on, the bomb

fragments lost their momentum at a much slower rate than the airblast

waves changed with distance. Reference 8 on bomb fragment effects

states that "... within a short distance fromn the detonation, usually 20

feet, the striking velocity can be assumed to be equal to the initial

velocity." In other words, there is negligible decrease in the velocity

of most bomb fragments within the first 20 feet from cased bombs. The

velocity of the fragments decreases with distance in accordance to equa-

tion 2.11, which is usually used for distances greater than 20 feet.

Thus, the loads from most bomb fragment impacts do not significantly

change within the first 20 feet from a given cased bomb. Of course, the

iA.. number of bomb fragments which hit a wall per unit surface area, de-

creases with increasing standoff distance from a given bomb (This is a

- . form of divergence). As stated earlier, typical bomb fragments induce

very sharp stress waves at the surface, with very high stresses (usually

several times the dynamic compressive strength) and very short durations

I. (much shorter than the airblast duration). These stress waves change

magnitudes and shapes as they propagate. Since the peak stress at the

surface is usually higher than the dynamic compressive strength, the

fragment penetrates the concrete, the stresses attenuate ,apidly as the

concrete is crushed and the stresses travel at different velocities.

The stress wave expands as it travels away from the fragment causing[ divergence. Since the stress wave from a single bomb fragment impact is
small, it could be dispersed easily. However, many of the multiple bomb

fragment stress waves are still severe enough and sharp enough to cause

spall by the time they reflect off the back of the wall. Thus, the bomb
fragment stress waves become more dominant when compared with the

airblest stress wave as the standoff distance for a given bomb is

increased. Since the airblast velocity and bomb fragment velocities

decelerate differently with distance, the difference in arrival times of

each varies with distance. The airblast arrives after the bomb f rag-

ments at large distances from the bomb. If the arrival times of the
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airbiast and bomb fragments are close enough, their stress waves will

combine or superimpose on each other. The stress measurements in tests

2C and 100 have no apparent spikes from stresses induced by bomb

Sfragment impacts. The stress measurements in tests 3B, 6B, and 10A also
have no extra spikes, but their peak stresses were higher than the peak

* reflected airblast pressures measured at the surface by nearby PQ-O or

PQ-1 airblast gages.This confirms that stress waves from the fragments

combined with the stress wave from the airblast. Test 9A was conducted

* . with a cased bomb at a relatively large standoff distance and the stress

measurement in that test has two sharp, short duration, stress waves in

- .. front of a larger, longer duration stress wave. The two sharp stress

waves are probably from bomb fragment impacts and the large stress wave

is probably from the airblast load. This confirms the assumptions that

bomb fragment stress waves have high peak stresses and short durations.

Effect on Spall of Casing Thickness

Other tasts were conducted to examine the effect on spall damage of

casing thickness. Cased bombs with different casing thicknesses, but

the same charge weight and inside dimensions were detonated at the same

standoff distance from identical concrete walls and the resulting damage

was compared. Compare the damage, shown in the pictures In Appendix C,

and the damage measurements, In Table 6.1, of tests 88 with 8C, Box 2

with Box 3, and Box 5 with Box 6. All of the comparisons support the

theory that within certain limits of bomb sizes, standoff distances and

casing thicknesses; thin-cased charges cause less spall than thick-cased

charges.

This difference in damage is due to the difference in the stress

waves Induced by small and large bomb fragments. According to the equa-

tionis given in Chapter 2, the average bomb fragments increase in mass,
decrease in initial velocity, and decelerate slower; with increasing

K- casing thickneds. As stated before, the stress waves Induced by multi-

ple bomb fragment impacts are a function of the bomb fragment sizes,

masses, velocities, hardness, and shapes. Equation 2.13 for pressure

L applied by a bomb fragment predicts that peak pressure decreases with a

decrease in striking velocity and an increase in bomb fragment diameter
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within certain limits. Equation 2.141 for time at a penetration depth of

a bomb fragment, predicts that the duration of the stress wave increases

with a decrease in velocity and an Increase in fragment weight within

certain limits. If the peak stresses are above the dynamic tensile

strength, the stress waves unload rapidly, and if the wave length Is

less than 2 times the wall thickness; then, small increases In duration

will result in deeper spall.

Tests 8B and 8C were analyzed for comparison. The bomb in test 8B

had a casing thickness of 0.07 inches and it caused threshold spall.

Whereas, the bomb in test 8C had the same charge weight, but a casing

thickness of 0.22 inches and It caused breach. The calculated average

fragment weights for test 8B and 8C were 0.00125 ounces and 0.0185

ounces, respectively (see equation 2.9). The initial bomb fragment

velocities were calculated to have been 8,4108 ft/sec in test 8B and

5,770 ft/sec in test 8C. The penetration depth of the average fragment

In test 8H was calculated to have been 1.416 inches, which is close to

the measured scab depth of 1.410 inches. The calculated penetration
depth in 8C was 1.73 inches; no measurement of actual penetration was

obtained because the wall was breached. The calculated peak stresses,

using the equation 2.13, were 236,700 Psi in 8B and 190,930 Psi in 8C.

The rise times and durations during penetration of the fragments were

calculated, according to equation 2.141, to have been 0.00563 and 0.033418

msec, respectively in 8B, and 0.01507 and 0.0509 msec, respectively In

8C. Thus, the theoretical stress wave induced in the wall by an averageMi bomb fragment In test 8C had a lower peak stress, longer rise times, and
longer duration than the stress wave induced by an average bomb fragment

in test 8B. Although the magnitudes and shapes of the stress waves
changed as they propagated through the concrete, It was assumed that

bomb fragment stress waves in test 8C still had lower peak stresses,

longer rise times, and longer durations than the stress waves in test 8B

at the same points in the concrete. The airblast arrived at PQ-0 at

0.17 msec in test 8B. The calculated arrival time of the bomb fragments

was 0.18 msec in test 8B. Thus, the airblast wave arrived only

0.01 msec before the bomb fragments, and the peak stresses induced by

the fragments and airblast probably superimposed. This is confirmed

by the stress measurement in test 8B which only has one peak.
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Unfortunately, no airblast gages were used in test 8C (none would 'iave

survived). According to equation 2.1, the equivalent bare weight of the

cased charge in test 8C was 2.31 pounds, whereas it was 4.52 pounds in

test 8B. Therefore, the peak pressure was lower and the arrival time
was later in test 8C than in test 8B. Figure 2.4 shows an increase of
arrival time of 1.2 times. Thus, the arrival time was estimated to be

1.2 by 0.17 - 0.20 msec. The calculated arrival time of the bomb frag-

ments was 0.27 msec in test 8C. Thus, the peak of the airblast stress

h•ave was induced about 0.07 msec before the peaks of the bomb fragment

stress waves were induced and there were probably two major peaks in the

combined stress wave. If the peak stresses were lower and the rise

times longer for both peaks in test 8C than the single peak in test 8P,

then the strain rates were slower in test 8C. If the strain rates were

* .slower in test 8C, then the dynamic compressive and tensile strengths of

the concrete in test 8C were lower than in test 8B. Thus, a lower net

stress was needed to cause spall in test 8C than in test 8B. If the

first peak in test 8C was longer and unloaded slower than the top of the

"combined stress wave in test 8B, then the spall depth should have been

deeper in 8C than 8B. The second peak in test 8C may have helped push

the "cracked off" concrete or spall, caused by the first peak, away at a

high velocity and then may have caused additional layers to spall.

Prediction methods for damage caused by cased charges should con-

sider casing thickness. One should use caution in using the prediction

curves in Figures 3.6 for bombs with low or high charge to bomb weight

ratios.

Differences in Spall Damage in "Cube-Root" Scaled
Tests of Cased Charges

oA ouple of tests were modeled to study the effects of "cube-root"

scaling on the damage caused by nearby cased bombs. Test 8B was a scale

model of test 4B, and test 9B was a scale model of test 3B. The scale

of both models was a ratio of 0.6 to 1.0. Test 8B had threshold spall,

except one or two small spall fragments left the wall, whereas, test 49

had medium spall 1.81 inches deep. In addition, the bomb fragments in

"test 8B caused the outside of the wall to scab up to 1.38 inches deep

and over a zone 53.0 inches wide by 11.6 inches high, whereas, the bomb
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fragments in test 4B caused scabbing up to 2.38 inches deep and over a

zone 105 inches wide by 15.0 inches high. Test 9B caused threshold

spall, whereas, test 3B caused medium spall. Test 9B had scabbing up to

0.62 inches deep over a zone 18.0 inches wide by 9.4 inches high, where-

as, test 3B had scabbing up to 2.0 inches deep over a zone 68.3 inches

wide by 14.0 inches high. Both models had less spall and scab damage

than the full-scale tests.

A previous section already discussed how strain rate scales by the

inverse of the scale factor, so the dynamic tensile strength of the

concrete is higher under the airblast load of the model than of the

full-scale test, but the peak pressures are the same in both tests. A

similar problem occurs with different size bomb fragments. The average

size bomb fragments are larger in the full scale tests than in the model

tests, but the initial velocities remain the same in both tests. Thus,

the strain rate is slower in a full-scale test than in a scale-model

test and a lower net stress is needed to cause spall. A third problem

in scaling cased bombs with a large standoff distance is that the veloc-

ities of the scaled-bomb fragments decrease at a faster rate than the

full-scale bomb fragments. A fourth problem in scaling cased bomb tests

is the bomb fragment mass distribution does not scale. For example, the

average bomb fragment in 8B was 0.0025 ounces and the average bomb frag-

ment in 4B was 0.0073 ounces, which does not correspond to the volume

scaled by (0.6)3. Therefore, full-scale models of concrete walls sub-
jec . to nearby cased bomb detonations incur more spall and scab damage

than scale models. Small scale model structures subjected to nearby

cased bomb detonations should not be used to predict the spall and scab

damage to full-scale structures because they would under predict the

damage. Thus, the use of empirical prediction curves, such as Fig-

ures 3.5 and 3.6 should be limited to similar scale tests to those upon

which the curves were based.

Effect on Spall of Wall Thickness

Several tests were conducted to study the effect on spall damage of

wall thicknee The size of the bomb, casing thickness, standoff dis-

tance of the bomb, and concrete properties were all held constant while
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the wall thickness was varied in several tests and the resulting damages

"were compared. Refer to Appendix C and Table 6.1 to compare the result-

ing damage in test 1A with test Box 1, test 1B with tests 8B and Box 2,

test ID with test Box 4, test 3B with test Box 5, and teut 4A with test

9A. Note that the walls in the box structure had a different amount of

reinforcing steel than the wall panels, but this was considered to have

a minor effect on the spall damage. There was usually slightly less

damage in the thicker walls than in the thinner walls. Other types of

damage such as flexural bending, and shear were also affected by wall

thickness. Reference 1 also examined the effect of wall thickness on

spall and other types of damage and concluded that thicker walls do

incur less damage than thinner walls.

An increase in the wall thickness is an increase in the distance

the induced stress waves have to travel before they can cause spall.

The further the stress waves have to travel, the more they can change

their magnitudes and shapes, due to different stresses traveling at dif-

ferent velocities, attenuation, divergence, and dispersion. The tests

in this study and in Reference 1 indicate that the wall thickness must

be increased by large amounts to reduce medium spell to light spell or

threshold spall to no damage. There are other less costly methods of

reducing spall damage.

Effect on Spell of Rebar Spacing

The effect on spall damage of reinforcing steel spacing was studied

in some of the tests. Similar wall panels with the same ooncsete mix

design and the same percentage steel, but with different size reinforo-

Ing bars and spacing of the bars, were tested with the same size bombs

at the same standoff distances. Tests 1B, 2C, and 4B were compared with

tests lOB, 1OC, and IOA, which had closer reinforcing steel spacings,

respectively. Tests 1B, 2C, and 4B all had principal reinforcing steel

of No. 3 bars spaced at 5.5 inches, longitudinal reinforcing steel of

D5 bars spaced at 5.5 inches, and stirrups which hooked around the out-

side of the principal steel at 5.5-inch spacings (see Figure 4.3).

Tests lOB, 1OC, and 1OA all had principal steel of D3 bars spaced at 1.5

inches, longitudinal steel spaced at 1.25 inches, aud stirrups which
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"hooked around the outside of each principal steel bar at 5.0-inch

, spaings (see Figure 4.5). Refer to Appendix C and Table 6.1 to ompare

the damage of the tests. All of the tests on wall panel 10, with the

smaller reinforcing steel spacing, had lees spall damage than the tests

on the wall panels with the larger reinforcing steel spacing. There

were even less cracks and shallower cracks in all of the tests on wall

panel 10 than in the similar tests on the other panels.

It is hypothesized that the spacing of the reinforcing steel in

"wall panel 10 was close enough to cause significant dispersion of the

stress wavls to reduce peak net stresses, and to partially confine

,.', spall. Evidently, the peak net stress was reduced below the dynamic

I-.. tensile strength in test lOB, because there was no damage in test 108,

whereas, test 1B had threshold spall. If the peak net stress exceeds

the dynamic tensile strength of the concrete behind the reinforcing

steel grid, the closer reinforcing steel spacing provides a more uni-

formly distributed resistive force against the momentum trapped in the

cracked off concrete. The cracked off layers of concrete must break

"into small pieces to pass through the small reinforcing grid. In test

1AO, a few pieces of spall managed to break away from -.he wall, whereas,

much more spall left the wall and at a higher velocity in test 4B. The

closer spacing of the steel grid also caused the concrete around the

steel plane to be weaker because there were more bars each with micro-

cracks around them at oloser intervals. The concrete sover in test IOC

spalled (0.62 inches thick) and the cracked concrete was retained behind

the reinforcing steel grid, whereas, the spall depth in test 2C was

2.0 inches and very little cracked concrete was retained behind the

reinforcing steel grid. The spell in test 10C broke off at the weak

steel plane as it tried to pull away. The velocity of the spalled con-

orete cover in test 10C was 70 ft/sec, whereas, tho velocity of the

spall in test 2C was 57 ft/seo.

Thus, a closely spaced reinforcement grid held securely with

closely spaced stirrups does reduce the amount of spall and the spall

depth, but weakans the concrete around the reinforcement plane to allow

the concrete cover to epall more readily. It cost about twice as much

k +to build wall panel 10 with very close reinforcement spaoinge than It

Cost to build one of the similar wall panels with wider reinforcement
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-. spacings. Since the concrete cover over the reinforcing steel can in

ic certain oases still spall at high velocities, the extra expense of

making a very closely spaced reinforcing steel grid is not Justified. A

spall plate would be cheaper and would retain the concrete cover.

Effect on Spall of Concrete Strength

The effect on spall or concrete strength was studied. Since the

tensile strength of the concrete increases with increasing compressive

strength it was thought that spall would decrease with increasing cam-

pressive strength. The spall damages caused by detonation of bombs near

wall panels made of 4,000 psi concrete were compared with spall damages

caused by ident oal bombs at the same distances away from a similar wall

panel made of high-strength concrete. The walls were all similar with

the same reinforcing steel, the same spacing of the steel, and the same

dimensions. Only the strength of the concrete was different. The tests

on the walls made of 4,000-pai concrete were 3B, 1B, and 2C, and they

were compared with the similar tests 5A, 5B, and 5C, respectively, which

were on a wall panel made of high-strength concrete. Wall panels 1, 2,

and 3 were all cast from the same batch of 4 ,O00-psi concrete, which had

an average unconfined compressive strength of 5,025 psi and an average

split tensile strength of 578 psi. Wall panel 5 was made of high-

strength concrete with an unconfined compressive strength of 13,815 psi

and a split tensile strength of 925 psi. Compare the pictures of the

spall damages in Appendix C and spall depths and veloOities listed in

I. Table 6.1. The spell depths and spall velocities in the tests on the

wall panel made-of high-strength concrete were much worse than in the

similar tests on the 4 ,O00-psi concrete.

It was hypothesized that since the high-strength concrete had a

higher static compressive and tensile strength than the 4,O00-psi con-

orete, it probably had higher dynamic oompressive and tensile strengths.

If the dynamic Oompressive strength of the high-strength concrete was

'* .higher than that of the 4,O00-psi concrete, then the Hugoniot Elastic

Limit (HEL) for the high-strength concrete was higher than the HEa. for

the 4,O00-psi concrete. Thus, the stress waves with high peak stresses

(such as those induced by a contact charge or bomb fragments) did not
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change as much due to stresses traveling at different velocities and

attenuation in the high-strength concrete as in tho 4,000-psi concrete.

This was confirmed by the fact that the stress waves measured in the

tests on the high-strength concrete wall panels had much higher peak

stresses, shorter rise times, and shorter durations than stress waves
*:. measured in the tests on the 4,000-psi concrete wall panels. Therefore,

stress waves induced by similar loads started out in both concretes the

same, but the stress waves in the high-strength concrete had higher peak

stresses, shorter durations, and sharper shapes by the time they reached

the back of the wall than in the 4,000-psi concrete. The high-strength

concrete had a static compressive strength 2.75 times that of the 4,000-
psi concrete, whereas, it had a static tensile strength only 1.60 times
that of the 4,000-psi concrete. Although the strain rate was higher in

the high-strength concrete, one cannot determine how much more the

dynamic tensile strength of the high-strength concrete was over that of
the 4,000-psi concrete. It was hypothesized that the higher peak

stresses, shorter durations, and sharper shapes of the reflected stress

"waves overcame any benefits of a higher dynamic tensile strength in the

* .high-strength concrete and caused multiple spall layers. The high-
strength concrete also had a higher elastic propagation velocity
(16,250 ft/sec) than the 4,000-psi concrete (12,200 ft/see).

The impulse per mass of a cracked-oft layer of concrete was higher

because the dynamic tensile strength was higher in the high-strength
concrete than in the 4,000-psi concrete. High-strength concrete is very
brittle and fails more violently than the 4,000-psi concrete. Tests in

Reference 18 show that the bond strength of concrete on deformed rein-
* forcing steel increases with increasing strain rate at a lower amount

for h'gh-strength concrete than normal strength concrete. Therefore,
the spall velocities of the high-strength concrete were greater than
those of the 4,000-psi concrete, because the trapped impulse per mass of

the cracked-off concrete was higher and the resistive forces were not

much higher.
The strengths of the concretes used in protective structures have

been increased over the years. Many have recommended using high-

strength concrete in protective structures to make them harder or

stronger. However, high-strength concrete can, under severe loads,
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spall deeper and with higher velocities than normal strength concrete

under the same loads, and should be used with caution in protective
. structures where spall is possible.

Effect on Sall or Adding Acrylic Latex to Concrete

The effects on spall of adding acrylic latex to the concrete mix

were studied. It was believed that the acrylic latex additive would

make the concrete more ductile and resistant to spall. Similar tests

were conducted on wall panels with the same dimensions, same reinforcing

steel at the same spacings, and similar 4,000-psl concrete mix designs,

except acrylic latex was added to the concrete mixture In one of the

walls. The 4,000-psi mix design was slightly modified to account for

water In the acrylic latex and to have a uniaxial compressive strength

similar to the regular 4,000-psi concrete. The tests on the walls made

of 4,000-psi concrete were 3B, 1B, and 2C; they were compared with

similar tests on the acrylic latex concrete, which were tests 6A, 6B,

and 6C, respectively. Compare the pictures of the spall damage in

*, Appendix C and spall depths and velocities listed in Table 6.1. The

damage was greatly reduced in tests 6A and 6B as compared with tests 3B

"and 1B respectively. However, the contact charge caused deeper spell

but with a lower velocity In test 6C than in test 2C.

The acrylic latex formed a matrix In the microstructure of the con-

crete, which helped bond the various concrete elements together. The

acrylic latex bonds were very ductile and retarded rapid crack growth
during the dynamic loading. The static compressive and tensile
strengths of the acrylic latex concrete were less than those of the

4,000-psi concrete. However, the stress waves measured In the acrylic

latex concrete had higher peak stresses and longer durations than those

measured In the 4,000-psi concrete. The Hugoniot curve for the acrylic

latex concrete may have had a higher HEL but lower tangent slopes above

the HEL than that of the 4,000-psi concrete. It was hypothesized that

the acrylic latex concrete had higher dynamic tensile strengths and

higher resistive forces against spall than the 4,000-p.i concrete.
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Effect on Spall of Addin Crimped Steel FibrM to Conraete

The effects on spall of adding steel fibers to the concrete mix

were studied. It was believed that the addition of crimped steel fibers

would make the concrete more ductile and increase resistive forces

against spall. Similar tests were conducted on wall panels with the

same dimensions, same reinforcing steel at the same spacings, and sim-

ilar 4,000-psi concrete mix designs except crimped steel fibers wore

added to the concrete mixture of one of the wall panels. The 4,000-psi

mix design was slightly modified to allow the the addition of 80 lb/yd3

of crimped steel fibers in the concrete of one wall. The static com-

pressive strength, modulus of elasticity, and propagation velocity of

the steel fiber concrete were about the same as those of the 4,000-psi

concrete. The split tensile strength of the steel fiber concrete was

less than that of the 4,000-psi concrete. The split tensile strength
was only measured to the first crack of the cylinders, but the steel

fibers Increased the ductility of the concrete after the first crack.

The tests on the walls made of 4,000-psi concrete were 3B, 4B, and 2C,

and they were compared with similar tests on the crimped steel fiber

concrete, which were 7A, 7B, and 7C, respectively. Compare pictures of

the spell damage in Appendix C, and compare the spell depths and

velocities listed in Table 6.1. The spall damage was much less in tests

7A and 7B (which had a few cracks) as compared with tests 3B and 4B

(which had medium spall). The contact charge in test 7C did cause spall

of the fiber concrete. The spall depth in test 7C was as deep as in

test 2C, but the area of the spell and spell velocity in test 7C were

smaller than in test 2C.

The crimped steel fibers were dispersed throughout the concrete

mixture. The steel fibers increased the dynamic tensile strength of the

concrete by retarding rapid crack growth during the dynamic loadings.

Once a crack was formed, the fibers helped resist spalling by holding

the concrete together until the bonds between the fibers and concrete

were broken. Fewer crimped steel fibers were needed per cubic yard of

concrete mix to reduce spall than straight steel fibers because the

crimps enhanced the bond between the fiber and concrete.
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Table 6-2

Damage Classifications*

I. "' . . /
NO DAMAGE From no change in the condition of the

wall to a few barely visible cracks. '•.. ;

THRESHOLD From a few cracks and a hollow sound to

HS D A a large bulge in the concrete with a

few small pieces on the floor.

MEDIUM SPALL From a very shallow spall to a third of
the wall thickness.

SEVERE SPALL From just over one third the wall
thickness to almost breach.

"BREACH From a small hole which barely lets
light through to a large hole.

~I, LIGHT FLEXURE From no permanent displacement but a
few flexure cracks, to a ductility
ratio of 3.

MEDIUM FLEXURE From a ductility ratio of 3 to 10.

SEVERE FLEXURE From a ductility ratio of 10 to almost
breach.

* . * The second through the fifth class are for spall and the alt three
-_ are for flexure. Scabbing is shown in the second sketch for each class.
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Figure 6.1 Pressure-time histories at the PQ-0 gage location in
tests 1A, ID and 2D for comparison.
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PART VII. COMPARISON OF TEST RESULTS WITH PREDICTIONS

General

The test results of the bare charge tests are compared with the

predictions of some of the more popular prediction methods in

Table 7.1. The test results of the cased-charge tests are compared with

the predictions of some of the more popular prediction methods for cased

charges in Table 7.2. The comparisons, advantages, and disadvantages of

each prediction method are discussed in the following sections.

Comparison of the Bare Charge Test Results with
Predictions from References 39 and 40

The prediction method in References 39 and 40 is a theoretical pre-

diction method. Although the authors of References 39 and 40 made sev-

eral simplifications and assumptions just to illustrate trends in spall

and propose a possible prediction method, many have used the reference

for predicting spall damage. The prediction method was limited to bare

charges at scaled standoff distances greater than 0.2 ft/lb 0 ' 3 3 so the

method was not used for predicting the damage in test 1C. The predic-

tions from this method did not 2atch well with the spall damage in any

of the bare charge tests (see Table 7.1).

Several of the assumptions and simplifications used in this predic-

tion method conflicted with other references and the test results. Some

of these assumptions were that the concrete remained linearly elastic;

the propagation velocity was constant; and the stress wave kept the same

shape, rise time, and duration as it propagated through the wall. This

means the stress wave cannot attenuate nor can different stresses travel

at different velocities. However, the dynamic compressive strength of

' concrete varies with strain rate and can be exceeded by airblast loads

from bare charges at scaled standoff distances greater than 0.2 ft/sec.

If the dynamic compressive strength of the concrete is exceeded, the

induced stresses will travel at different velocities and attenuate. For

example, the stress measurement in test 3A, had a different shape and

_ • rise time than the airblast measurement. A further assumption was that

a stress wave only changed by spherical divergence as it traveled from
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the front of the wall to the beck surface. However, the pressure

distribution plots for the bare cylindrical charge tests indicated the

airbiast expanded somewhat cylindrically. Any form of divergence should

continue even after the stress wave reflects off the back wall. The

K authors assumed a constant dynamic tensile strength of 800 psi for

K 4,000-psi concrete. The dynamic tensile strength of concrete varies

with strain rate and can be above or below 800 psi depending upon the

strain rate. Many of these assumptions were made due to a lack of in-

formation on dynamic compressive and tensile strengths of concrete, how

stress waves attenuate and at what velocities various stresses

propagate.

Comparison of the Bare Charge Test Results
with Predictions from Reference 33

Although the prediction curves In Reference 33 (also shown in Fig-

ure 3.3) are for damage caused by nearby detonations in air Instead of
detonations at the surface, the predictions were compared with the test

results (Table 7.1). The predictions agreed with the actual damage in 7

out of the 11 tests and slightly underpredicted the damage in the other

4 tests. Some of the differences may have been due to the differences

in the definitions of damage.

Comparison of the Bare Charge Test Results
with Predictions from Reference 145

All of the test parameters for the bare charge tests in this study

were within the limits given for use of the damage prediction ourve for

bare charges In Reference 145. This curve was also shown in Figure 3.14.

The predictions from this curve matched the actual damage very well in

all of the bare charge tests, except test 3A and Box 7 (see Table

7.1). The discrepancy between the predictions and the damage in test 3A

may be due to the difference in the definition of breach or perforation

or due to problems with scaling. The previous chapter discussed

possible problems with scaling spall damage due to strain rates

changing, but peak pressures not changing with scales. The bomb and

standoff distance used in Test 3A were larger than the majority of the

A bombs and standoffs used In the tests upon which the curve was based.
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Comparison of Cased Charge Test Results
with Predictions from Reference 41

The theoretical prediction method from Reference 41 only correctly

predicted the spall damage of 6 out of 20 cased charge tests (see Ta-

ble 7.2). There was either no damage or threshold damage in the 6 tests

whose damages were correctly predicted. The prediction method overpre-

dieted the spall damage of some of the tests with threshold damage and

under predicted the damage in all the tests with medium and breach

damage.

The discrepancies may have been due to some of the assumptions and

simplifications made in the prediction method. Many of the assumptions

and simplifications were made to make the calculations easier and be-

cause there was a lack of information on bomb fragment loads, stress

wave changes, and dynamic concrete strengths. However, many of these

assumptions conflict with recent studies and the measurements in this

study. The author of the prediction method assumed that airblast loads

can be approximated by average triangular airblast waves. The duration

of the waves were calculated from the average impulse and peak pres-

sure. Whereas, Figure 2.23 shows that the use of a triangular wave can

be inaccurate. The prediction method also assumed that the bomb frag-

ment impacts induced triangular stress waves with the same duration as

the airblast. However, stress measurements showed that bomb fragments

usually induced stress waves with much shorter durations than the air-

blast stress waves. The prediction method assumed that the airblast and

bomb fragment stress waves could be directly combined if the airblast

duration was less than the natural period of the wall. Whereas, spall

is an early-time phenomenon and the natural period is a flexural re-

sponse. The arrival times of the airblast and bomb fragments varied

with distance. At large standoff distances, such as in test 9A, the
bomb fragments arrived before the airblast. The prediction method

assumed a P-a attenuation model to describe the attenuation, but did

not address divergence nor other changes to stress waves. The pressure

distributions indicated the airblast wave expanded somewhat cylindri-

cally. The stress waves from the bomb fragments may have expanded

spherically and also divergd. Although unsure what to assume for the
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dynamic tensile strength of the concrete, the author of the prediction

method assumed 14 percent of the static compressive strength. Whereas,

References 15 through 19 and 22 show that the dynamic tensile strength

of concrete varies with strain rate and is not a constant value. The

worst assumption made by the prediction method is that the spall damage

is only one layer and is always less than or equal to the plane of the

reinforcing steel. Several tests in this series and In other studies on

walls with normal reinforcing steel spacings had spall damage deeper

than the reinforcing steel. The depth of spall is dependent upon the

shape and magnitude of the stress waves, dynamic strengths of the con-

crete, and the resisting forces. If the peak net stress happens to

exceed the dynamic tensile strength of the concrete near the reinforcing

steel plane, there are probably enough microcracks around the steel to

cause the cracks to occur in the steel plane. However, if the peak net

stress exceeds the dynamic tensile strength of the concrete at some

depth deeper than the reinforcing steel the cracks will form at that

depth. The reinforcing steel grid helps prevent cracked-off concrete

"from spalling, but many times the impulse trapped in the cracked-off

concrete is great enough and the steel spacing is large enough that the

concrete can tear free and spall. This was illustrated in several of

the tests with medium to breach damage in this study. The tests on wall

10 showed that if the spacings of the reinforcing steel and stirrups

were extremely close, then the reinforcing steel grid would retain the

loose concrete behind it. However, it is not common construction

practice to space the reinforcing steel extremely close.

Comparison of the Cased Charge Test Results
with Predictions from Reference 34

Although Reference 34 does not say whether the prediction curves

(also shown in Figure 3.5) are for cased or bare charges, it was com-

pared with the cased charge tests because the predictions were severe.

The figure next to the curves shows a bomb in the air at midheight of

the wall which indicates the curves were for airburst. However, the

curves have been used for years by many to also predict damage caused by

surface detonations. The preciction method only correctly predicted the

damage of 4 out of 23 tests (see Table 7.2). The prediction method

141

-- .,.. .-



overpredioted the damage in most tests. This may' have been due to a

difference in geometry, casing thicknesses or scales. There was not

enough Information about the curves to determine why there were s0 many

discrepancies between the predictions and the actual damage.

Comearison of the Cased Charg Test Results
with Predictions from Reference 145

All of the test parameters for the cased charge tests on regular

concrete were within the ranges given for use of the damage prediction
curves for cased charges in Reference 145. Although, most of the charge

to total bomb weight ratios were In the upper end of the given range.

The prediction method only correctly predicted the damage In 14 out of' 20

* cased charge tests (see Table 7.2). The 14 tests for which the predic-

*tion method correctly predicted the damage were tests with bombs with

relatively thick casings. Notice that the data points shown with the

curves (Figure 3.6) that had worse damage class symbols than the curves

predicted, were from either tests with bombs with very thick casings or

from large-scale tests. The curves could be improved if casing thick-

ness and scaling were taken into account.
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PART VIII: DISCUSSION OF SPALL PREDICTION

Discussion of Theoretical Prediction Methods

The previous chapter showed that two of the popular theoretical

prediction methods did not correctly predict the damage in most of the

tests of this study.

The theory or spall is difficult to apply to predictions, because

many parameters are unknown such as, airblast loading from cylinderical

bombs, stress waves induced by multiple bomb fragment impacts, attenu-

1: 'ation rates of stress in concrete, change of stress waves due to differ-

ent stresses propagating at different velocities, dispersion effects,

* how bomb fragment stress waves diverge, dynamic compressive and tensile

strengths at strain rates greater than 10 seo resisting forces

against spall, and other Items. These parameters need to be researched.

As a result of a lack of information on these parameters, many assump-

tions have to be made to predict spall damage with theoretical

calculations. Even if assumptions are made the theoretical calculation

can be cumbersome and difficult unless simplifications are made.

It is also difficult to predict combined spall, scab, shear, and

flexure damage with a theoretical method. Most of the tests with severe

damage or breach had combined damage mechanisms.

Discussion of Empirical Prediction Methods

Empirical prediction methods are expensive to develop and are

limited to only situations similar to the data upon which the prediction

methods were based. The previous chapter showed that the empirical

damage prediction methods for bare charges from Referenoes 33 and 45

correctly predicted the spall damage of the majority of the bare charge

tests in this study. However, the empirical damage prediction methods

for cased charges from References 34 and 45 did not correctly predict

-. --: the damage of most of the cased charge tests in this study. The empir-
ical methods should be improved to account for scale and casing thick-

ness effects.
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Additional Data

The author collected data on 334 additional tests trom Refer-

ences 1, 2o 25, and ~47 thru 70 and from tests at WES not reported. The

additional data was combined with the data in this study to make a large

data base upon which empirical prediction methods could be made. All of

the data are tabulated in Appendix D.

Empirical Deaaje Curves for Bare Charges

The data in Appendix D on bare charges were plotted in Figures 8.1

and 8.2 and prediction curves were drawn to fit the data. The predic-

tion curves in Figure 8.1 are similar to, but slightly steeper than the

curves in Reference 45. The prediction curves in Figure 8.2 are similar

to, but lower arnd sharper than the curves in Reference 33.

Notice that the damage class of a few data points did not agree
I&.with the prediction curves and the surrounding data points. Al.l of the

discrepant points which had a damage class worse than the surrounding

points, except one point, were from larger scale tests than the tests

for the surrounding points. The one point that had a worse damage class

but was not a large scale bomb, was a contact bomb on end. Vice versa,

all the discrepant data points with damage less than the surrounding

points were tromn smaller scale tests than the tests for the surrounding

points. This again shows that a pall damage and same other forms of dam-

age are worse in large scale detonations than in small scale detona-

tions. This indicates curves such as these would under predict the dam-

age caused by nearby detonations of bare bombs as large or larger than

the largest bare bombs in the data base. The curves should only be used

to predict damage in similar scale detonations.* The ranges of the test

parameters for the data used in this plot are given in Table 8.1. The

recommended range for use of these curves are also given in Table 8.1.

- The author recommends making a prediction curve with the damage

somehow scaled to the bomb size. For example, rate the damage on a

scale from 0 to 100 for no damage to breach, respectively, and scale the

* damage rating. Unfortunately, there was no more time left in this study

to try this idea or others.
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Empirical Damge Curves for Cased Charges

The data in Appendix D on the cased charges were plotted In Fig-

ure 8.3 and prediction curves were drawn to fit the data. The data was

plotted differently than in Reference 115. The soaled standoff distance

(R/W0 "3 3) was multiplied times the ratio of the weight of the bomb to

the weights of the bomb and the casing (W/(W+C)). The weight of the

casing was only the weight of the metal around the sides of the explo-

si*e, and did not include the weight of any nose or tail portions of

bombs. This charge to charge plus casing weight ratio helped account

for the differences In damage caused by different casing thicknesses

around the same size bombs and reduced the scatter of the data.

Notice that the damage class of a few data points did not agree

with the prediction curves and the nearby surrounding data points, just

as In the other curves. All of the discrepant points which had a damage
class worse than the surrounding data points were from either much

larger scale tests than the tests of the surrounding points or were from

tests with close-in thick cased bombs. The discrepant points from the

large scale tests again demonstrate that spall damage and some other

forms of damage are worse from large scale detonations than from small

scale detonations. The effect of casing thickness decreases with

- ,decreasing standoff distance. The results of tests 1A and 1B indicate

that the damage caused by a contact cased charge may even be less than

the damage caused by a contact bare charge. This was discussed In the

analysis in Chapter 6. Thus, the use of the W/(W+C) ratio may shift

data points for close-in thick cased bombs too far to the left.

"Therefore, these curves should only be used to predict damage in similar

scale detonations to the test data, and in tests with casing thicknesses

similar to the casing thicknesses of the test data. The ranges of the

test parameters for the data used in this plot and the recommended

ranges for use of the curves are given in Table 8.2.
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Table 8.1

Ranges of Parameters for Bare Charge Data Used

in Figures 8.1 and 8.2

Parameter Range Recommended Use Range

Standoff distance Contact to 20.0 feet Contact to 5.0 feet

Equivalent TNT 0.0276 to 299.3 pounds 0.0276 to 30.00 pounds
charge weight

Scaled standoff 0.064 to 7.93 ft/lb 0 "3 3 0.064 to 2.00 ft/lb0 "3 3

Wall thickness 2.50 to 43.31 inches 2.50 to 43.31 Inches

Scaled wall thickness 0.167 to 1.95 ft/lb0 "3 3 0.167 to 1.95 ft/lb0 ' 3 3

Static compressive 1,535 to 8,888 psi 2,500 to 7,000 psi

strength of concrete

Principle steel ratio 0.066 to 0.830 percent 0.066 to 0.830 percent
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Table 8.2

Ranges of Paraseters for Cased Charge Data

Used in Figure 8.3

Parameter Range Recommended Use Range

Standoff distance Contact to 30.0 feet Contact to 7.5 feet

Equivalent TNT 0.824 to 2,299 pounds 0.824 to 220 pounds
charge weight

Charge weight to 0.172 to 0.978 0.172 to 0.978
charge + casing
weight

Scaled standoff 0.077 to 12.06 ft/lb 0 "3 3  0.077 to 5.00 ft/lb 0 3 3

Wall thickness 3.94 to 84.0 inches 3.94 to 84.0 inches

Scaled wall 0.155 to 1.08 ft/lb 0 3 3  0.155 to 1.08 ft/lb 0 3 3

thickness

Static compressive 2,500 to 7,110 psi 2,500 to 7,110 psi
strength of
concrete

Principle steel 0O11 to 1.34 percent 0.11 to 1.34 percent
ratio
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PART IX: PREVENTION AND RETENTION OF SPALL

General

There are several methods that have proven effective In either

preventing or retaining spall. Both prevention and retention methods

keep spall from leaving the backside of the wall. Spall prevention

methods prevent or reduce the formation of any "cracked-off" concrete

layers that could potentially spall, (i.e. prevents or reduces internal

damage in the wall due to a reflected tensile wave). Spall retention

methods keep spall from leaving the wall by either inoreasing the resis-

tive forces holding the "cracked off" concrete to the wall or confining

the cracked oft concrete behind a plate. Some additives in ooncrete

help both reduce damage and retain spall. Prevention methods are pref-

erable because they prevent internal damage that could reduce the load-

bearing and moment capacities of the walls. It is possible to severely

*-:'•:' damage a wall so It could not support the roof and still retain most of

the spall.

Methods of Spall Prevention/Reduction

Most spall prevention methods either alter the loadings before they

get to the wall, alter the stress waves induced in the wall before they

reflect, or increase the ductility and dynamic tensile strength of the

concrete. Some examples of spall prevention methods are discussed in

the following paragraphs.

One of the best and most economical spall prevention methods is

placement of a aoil berm against the threatened walls. Tests have been

conducted with identical bombs at the same standoff distances from sim-

ilar walls with and without soil berms in front of them (see Refer-

ences 1, 2, 51, and 53). The walls without soil berms either breached

or spalled severely (see Figure 9.1), whereas the walls with soil berms

"did not spall and suffered minor or no damage (see Figure 9.2). The

soil berms not only prevented spall but also prevented scabbing by keep-

Ing most of the bomb fragments from reaching the wall. The walls with

AIL_ soil berms had peak soil stresses 0.051 to 0.089 times the peak

153

___.__-,_

. . . . .. . . . . . . . . . . ..i... - . .



reflected airblast pressures on the walls without soil berms. The

duration of the soil stresses were 5.90 to 11.66 times the durations of

the airblast loads on the lower portion of the walls. However, there

was not much difference In the impulse of the soil stresses and the

airblast load on the lower portions of the walls. Thus, the wall with-

out a soil berm received an airblast load with a high peak pressure,

short duration and sharp shape; plus multiple bomb fragment impacts.

The wall with the soil berm received only a soil stress load with a low

peak, long duration and gradual unloading. This type loading does not

cause spall. The loading was altered by the soil berm to a less severe

form, but the total impulse remained about the same. Soil berms can

prevent spall in multiple bomb detonations, as long as the bomb does not

crater the soil berm.

Shield walls or blast absorbtive walls are another method of spall

prevention (see Figure 9.3). References 2, 53, and 66 report tests con-

duoted with identical bombs at the same standoff distances from similar

walls with and without shield walls in front of them. The walls without

shield walls in front of them suffered much worse scab and spall damage

than the walls with shield walls in front of them. Figures 9.3 and 9.4

show the reduction In the damage to the main wall in tests from Refer-

ence 61. These tests Indicated that the amount a shield wall reduces

damage is proportional to its strength, stiffness, mass, and resistive

forces to spall. The shield walls must be strong and stiff enough to

resist the airblast loading long enough so the peak airblast pressures

die down before the shield wall fails. The shield walls must also be

strong and massive enough to either catch the bomb fragments or sub-

stantially reduce the velocities of the bomb fragments before they hit

the main wall. The greater the resistive forces in the shield wall are

against spall the smaller the impulse transmitted by any spall to the

main wall. Even shield walls of several sheets of plywood have proven

effective In reducing spall damage. Reference 33, states that "double

slab construction with an air space between the slabs (i.e shield wall

and main wall) may actually be more resistive to spall, perforation and

contact explosions than the same amount of concrete poured as a single

wall."

Layered walls with each layer decreasing in specific acoustic
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resistance is another method of spall prevention (see Figure 9.5a).

Specific acoustic resistance (pe) is the product of the density (p)

times the primary stresL propagation velocity (c) in a layer. The

equations governing the distribution of stresses at an interface are:

2 00•.•.:. 2 2c2
at (02 + P11) (eq 9.1)

p2 c 2 - 1c1

(r (2c2 + 1cl) a1  
(eq 9.2)

where at is the transmitted stress, ar is the reflected stress, ao

is the incident stress, p, is the density of the first layer, cI is

the propagation velocity of the first layer, p2  is the density of the

second layer andc2 is the propagation velocity of the second layer.

If 02P2 is less than p1cI , then at is less than ai , and ar is

negative and less than . A negative sign means the stress waves are

reflected in opposite sense i.e. an incident compressive wave will re-

fleet as a tension wave, and vice versa. Consider a wall with 2 layers

where P 1 c 3 P2 c2 as an example. In this case at = ai/2 and

ar - oi/ 2 ,see Figure 9.5b. The transmitted stress wave continues

through the second layer and reflects as a tension wave off the back

free surface (Figure 9.5d). Therefore, in this example, the incident

stress was divided into 2 stress waves at the interface of the layers,

each stress wave half of the incident stress wave. The reflected peak

tensile stress in each layer is half of what the reflected peak stress

would have been in a monolithic wall. If the dynamic tensile strengths

of both layers exceed the reduced reflected stress waves no cracks will

form. If the dynamic tensile strength of the first layer is exceeded,

cracks will form but the second layer will retain any potential spall.
Spall will only occur if the dynamic tensile strength of the second

layer is exceeded by the reduced reflected stress. Several different

1. layers could be used if desired. One popular type of layered or com-

posite wall is a wall .-uth 2 concrete panels separated by a sand filled

cavity. The second concrete panel usually has a higher specific

acoustic resistance than the sand, but is needed to retain the sand.

* Addition of materials to enhance the ductility and dynamic tensile
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strength of the concrete have also prevented or reduced spall. This

study demonstrated that crimped steel fibers and acrylic latex additives

prevented or reduced spall damage (see tests on wall panels 6 and 7).

References 23 through 27 reported that proper amounts of steel, nylon,

fiberglas, polypropylene, or polyethylene fibers can each prevent or

k"•. reduce spall, depending upon the severity of the threat. Reference 65

reported that 3 percent entrained air in concrete helped prevent spall

in some high explosive tests on concrete specimens.

Theoretically, the geometry of the back free surface can be made so

the stress waves reflect at oblique angles from the surface (Fig-

ure 9.6). The portion of an incident compressive wave that reflects as

a tensile wave decreases with increasing angle of incidence (see Fig-

ure 2.14. For example, the back free surface could be corrugated with

450 triangular ridges so a plane stress wave would reflect from the back

free surface at 450 angles. If the Poisson's ratio of the concrete is

0.15 the reflected primary stress wave at 450 is nearly zero. Fig-

ure 9.6b shows a plane wave impacting the top of a triangular ridge. As

the wave propagates further into the triangular ridge (Figure 9.6o) the

left and right portions of the wave reflect from the sides and travel

back toward each other. If the peak net stress exceeds the dynamic

tensile strength of the concrete as the reflected waves are traveling

the concrete will crack and any spall will pull away parallel to or at a

low angle to the back wall and collide with neighboring spall or ridges.

If the concrete does not crack before the reflected stress waves from
each side of a triangular ridge meet in the middle, then the two reflec-

ted waves will add at the middle creating a peak net stress twice the

peak of just one side, see Figure 9.6d. If the peak net stress in the

middle exceeds the dynamic tensile strength of the concrete it will

crack and any spall will, as described above, pull away parallel to or

at a small angle to the back wall and collide with neighboring spall or

ridges. Thus, 450 corrugations reduce the magnitudo of the reflected

tensile stress and cause any spall to leave at low angles to the wall.
."'*;. Other geometries could also theoretically reduce or prevent spall. How-

ever, no tests have been conducted on such walls.

Ah_
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Methods of Spall Retention

Spall retention methods usually do not reduce the damage to the

wall, but retain the spall to keep the spall from damaging the contents

in the structure. If a wall with a spall retention method is severely

damaged by a nearby detonation it would not survive a second nearby

detonation. Some examples of spall retention methods are discussed in

the following paragraphs.

The most common method of spall retention is a steel spall plate

attached to the backside or the target walls or roof. Figure 9.7 is a

series of pictures of a test on a wall similar to the wall in Fig-

ure 9.1, but with a spall plate attached to the backside. Notice the

front of the wall still 3uffera severe scabbing and the spall pushed the

plate several inches inwards. Reference 7, gives recommended "on-

struction details for installation of spall plates. It is important to

attach the spall plate to the wall with long anchors or studs which hook

behind the reinforcing a.eel in the wall to insure the anchors do not

break free. Spall plates are fairly expensive.

Close spacing of the back layer of reinforcing steel with close

spacing of stirrups that hook around the back layer of steel will retain

the majority of the deep or multiple spall behind the steel layer (see

pictures of tests on wall 10 in Appendix C). However, the concrete

cover over the back layer of steel can still spall. Construction of

such walls is difficult and expensive.

Placing a synthetic or steel wire mesh in the concrete on the inner

side of the back steel layer or securely attaching the mesh to the back

steel layer will also retain some spall (see Figure 9.6). This is simi-

lar to the above two methods but may be less expensive.
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Figure 9.1a. Test set up of a half-scale semi-hardened
wall subjected to a cased bomb.

Figure 9.lb. Damage to the front of the wall caused by

the bolb fragments.

Figure 9.1c. Spall damage to the back of the wall.

158

S,



I.

K .Figure 9.2a. A similar wall as in Figure 9.1 but with a
soil berm in front of it.

Figure 9.2b. The front of the wall suffered very
-little, damage.

Figure 9.2c. The back of the wall suffered
only two hairline cracks.
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Figure 9.3a. 8.5-¶rxoh-thiok wall e3ibJeoted to a oased

Figure 9.3b. The bomb fragment damage to the front
of the wall.

Figure 9.30. The spall damage to the back of the wall.
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Figure 9.4a. 2-Inch thick shield wall protecting an 8.5-inoh-

thick wall from a eased 1*-pound C-4 charge.

Figure 9.4b. The shield wall and main wall atter the test.

Figure 9.40. The back of the main wall suffered only
hairline cracks due to the test.
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PART X: SUMMARY

Spall was defined herein as the ejection of fragments of a struc-

tural element from the opposite side from which it was impacted and/or

impulsively loaded. This study was on spall of reinforced concrete

structural elements caused by nearby bare and cased bomb detonations.

Existing theories of spall were reviewed, additional improved spall

theory was developed, existing spall prediction methods were reviewed,

HE tests were conducted and analyzed, the existing spall prediction

methods were evaluated with test results, improved prediction methods

were developed, and methods of preventing spall were discussed.

Theory

Theoretical analysis of spall is quite complex. It was shown that

spall is dependent upon the shapes, magnitudes, and angles of incidence

of the applied airblast and bomb fragment impacts; upon changes in the

stresses as they propagate through the structural member; upon the

dynamic properties of the concrete; and upon forces such as dynamic

bond, shear and mechanical retention which resist spall of cracked

concrete. Each of these phenomena and their efteots on spall were dis-

cussed in detail. Prediction ol airblast loads were reviewed. It was

shown that triangular approximations of airblast loads can yield Incor-

rect spall predictions, therefore, exponential equations for airblast

are recommended. Equations for bomb fragment loads were derived.

Changes of stress waves due to different stresses above the Hugpniot

Elastic Limit IIEL) traveling at different vilocities were discussed,

but there is not much information on these changes. Changes of stress

waves due to attenuation were also discussed. Studies have shown that

attenuation of stresses below the HEL are negligible and can be Ignored,

but stresses above the HEL plastically deform and fracture, the material

and thus attenuate substantially. There Is little information on the

rates of attenuation of various stress levels and shaped stress waves.

Equations for changes Of stress waves due to cylindrical and spherical

divergence were given. The airblast loads from cylindrical bombs on

the ground expanded somewhat cylindrically in close standoff distances
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in the tests conducted. It was assumed that the stress waves Induced by

bomb fragment impacts diverged spherically from the bomb fragments

Imbedded iL the concrete. Changes in stress waves in normal concrete

due tn dispersion seemed to be negligible but a few tests indicated that

dispersion was significant in concretes with entrained air or closely

spaced reinforcing steel. The peak stress and sense of a reflected

stress wave is dependent upon the angle of incidence or the stress waves

to the back free surface. It was shown that compressive stress waves

with an angle of incidence between 45 and 85 degrees in concrete with a

Poisson's ratio of 0.15 will reflect as compression waves. Thus, no

spall would be possible for loads applied at these angles. Several

studies showed that the dynamic properties of concrete are strain-rate

dependent. There is information on the dynamic compressive and tensile

strengths of "normal" concretes up to strain-rates of 23 sec- . How-

ever, the strain rates caused by most fragment impacts and severe air-

blast loads on "normal" concrete are well in excess of 23 sec

& theoretical method for determining if and w herp a stress wave,

induced into a normal concrete by airblast with peak reflected pressures

below the HEL of the concrete, would dause the concrete to crack in

tension was demonstrated In Part VI. In this case the changes in the

stress wave caused by different stresses traveling at different veloc-

ities, attenuatlon, and dispersion were negligible. The only change in

the stress wave which needed to be taken into account was divergence.

However, even In this simplified case, spell could not be accurately

predicted because the forces resisting the spell of the concrete behind
the crack could not be predicted.

Thus states of the art in determining propagation velocities of

stresses above the HEL, attenuation of stresses above the HEL, dis-

persion, dynamic tensile strength of concrete for strain rates greater

than 23 sec 1 , dynamic bond, dynamic shear strength, mechanical reten-

tion of cracked concrete, and the effects of additives on the dynamic

properties of concrete are not advanced enough to be able to theoret-

ically predict spell of reinforced concrete.

Experiments on Spell

Forty tests were conducted on reinforced-concrete walls to
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investigate parameters which affect spall.

Simple theoretical calculations of spall caused by airblast below

the HEL of the concrete were verified. It was noted that surface bursts

have a second main spike from the reflection of the airblast off the

ground which helps reduce the chance of spall.

Several different size bare charges were detonated at the same

standoff distance to demonstrate how spall is dependent upon the magni-

tudes and the shape of the stress waves in concrete. The larger a bomb

at a given standoff distance the higher the peak pressure and the

sharper the shape of the airblast wave. Thus the chances for spall in-

creased with bomb size at a given standoff distance.

A small contact bare charge was tested and analyzed. It caused

scabbing of the front of the wall and spall on the back of the wall.

The stress gage at the midplane of the wall measured much smaller

stresses than those estimated at the front surface, which indicates the

stresses greatly attenuated.

It was demonstrated that different size bare bombs at different

standoff distances but the ame scaled standoff distance will cause much

different damage to a given structure. Although the peak pressure

scaled, the shapes and durations of the airblast waves were much differ-

ent. In addition, the pressure distributions were very different since

the structure was not scaled. The larger bomb at a greater distance

caused worse damage over a much larger area. Thus scaled standoff

should not be used as the only criterion for predicting spall (as done

in sow literature).

The scaling of spall damage due to bare charges was also studied.

Tests confirmed that walls in small-scale tests incur les damage than

similar larger scale walls in similar larger scale tests. This was

again attributed to different strain-rates causing different dynamic
strengths in the different scale tests.

The damage caused by equal-size bare and cased charges in tests on

similar walls were compared. All of the tests with eased charges had
worse damage than the tests with the same size bare charges, except for

the tests with contact charges. The bare contact charge caused slightly

worse damage than the cased charge. The difference in damage caused by

Oequal-size bare and eased charjes was minimal for contact charges and
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increased with increasing standoff distance. The airblast load rapidly

decreased in peak pressure, increased in duration and unloaded slower

with increasing standoff distance. Whereas, the bomb fragments lost

their momentum at a much slower rate than the airblast changed. At very

close standoff distances the airblast was severe and long enough to

overshadow the stresses induced by the bomb fragments. The stresses in-

duced by multiple bomb fragments had very high peak stresses, very short

durations and unloaded rapidly; so they could cause spall by themselves.

The bomb fragment stress waves became more dominant as compared with the

airblast stress wave as the standoff distance was increased.

The damage caused by equal-size cased bombs but with different cas-

ing thicknesses were compared in tests on similar walls. Within certain

limits not yet defined, the thicker the casing, the worse the damage to

a concrete wall. The average bomb fragments increase in mass, decrease

in initial velocity and decelerate slower with increasing casing thick-

ness. The peak induced stress decreases, the rise time increases and

the duration increases with a decrease in striking velocity and increase

in bomb fragment size within certain limits. Thus within certain limits

thick cased bombs cause worse damage than equal size thin cased bombs

because the rise times and durations of the bomb fragment stress waves

are longer for thick cased bombs than for thin cased bombs.

Tests confirmed that walls in small-scale tests with cased bombs

incur less damage than similar larger walls in larger scale tests. This

is attributed to different strain-rates causing different dynamil con-

crete strengths in different scale tests, bomb fragment mass distribu-

tion does not scale, and velocities of scaled fragments decrease at a
faster rate than full-scale bomb fragments.

Tests investigating the effect of wall thickness on spall indicated

that large increases in wall thickness will decrease spall diage. The
thicker the wall, the further the stress waves have to travel and the

more they can change their magnitudes and shapes due to different

stresses traveling at different velocities, attenuation, divergence and

dispersion.

Varicjs rebar spacing schemes can also affect spall. Tests indi-

cate that a closely spaced reinforemnt grid held securely with closely

spaced stirrups does reduce the amount of spall. However, the concrete
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cover over the reinforcing steel can still spall. In general, the extra

expense of building walls with close-spaced reinforcement is not justi-

fied since the cover can still spall.

Spall depths and spall velocities in tests on "high-strength" con-

crete were much worse than in similar tests on "4,000 psi" concrete.

The stress waves did not change magnitudes and shapes as much in the

"high strength" concrete as in the "14,000 psi" concrete because it had a

higher dynamic compressive strength, so the stress waves kept higher

peak stresses, shorter rise times and shorter durations. The difference

In the compressive strengths was much larger than the difference in the

tensile strengths of the two concretes (I.e. the ratio of the dynamic

tensile strength to compressive strength was higher for the 4,000 psi

concrete). Although the tensile strength of the high strength concrete

was higher than that of the "4,000 psi" concrete, the stress waves which

reached the back of the wall were more severe in the high strength con-

crete than in the 4,000 psi concrete and caused worse spall damage.

High strength concrete should be used with caution in protective struc-

tures where spall is possible.

Tests showed that walls of concrete with 191.7 lb/yd3 of acrylic

latex additive suffered less spall damage than similar "normal" concrete

walls subjected to identical bomb detonationo. The acrylic latex formed

a matrix in the microstructure which helped hold the various concrete

elements together vith a ductile bond and retarded rapid crack growth

during dynamic loading.

Tests showed that walls Of concrete with 80 lb/yd3 of m'imped steel

fibers suffered less damage than similar walls with similar normal con-

crete. The steel fibers were randomly dispersed throughout the concrete

mixture and retarded rapid crack growth during the dynamic loadings.

Evaluation of Ux1stinm Methods

The principal theoretical and empirical prediction methods for

spall of concrete structures subjected to nearby bare and cased bomb

detonations were reviewed. The few theoretical methods which were

found (References 39 and 40 by C. Kot and Reference 41 by C. Canada)

were limited to light to moderate bomb threats and were based on several
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simplifying assumptions to make them easier to solve. However, many of

the simplifying assumptions compromised the acc.,racy of the

calculations. As a result, none of the theoretical spall prediction

methods compared very well with test data. The empirical prediction
methods compared better with test data, although there were discrep-
ancies. The data bases of the empirical prediction curves included a

few large scale tssts, but the majority of the data were from small

scale tests. Most of the discrepancies were between empirical pre-

dictions and large-scale tests. An additional problem with scaling

cased bomb tests is that bomb fragment weight distributions do not scale

the same as airblast. The best spall prediction methods for bare

charges reviewed were in Reference 33 by NDRC and References 45 and 46

by Firma E. Basler and Partner. The best spall prediction method for

cased charges reviewed was in References 45 and 46 by Firma E. Basler

and Partner.

.,Improved Prediction Methods

Data on 334 additional tests were collected and added to the data

on the 40 tests In this study. Two forms of improved empirical damage

prediction curves for bare charges were drawn to fit the data from bare

charge tests and are shown in Figures 8.1 and 8.2. An improved empir-

ical damage prediction curve for cased charges was also drawn to fit the

data from cased charge tests and account for various casing thioknesses;

it is shown in Figure 8.3. The limits on the parameters given for each

prediction curve should be strictly adhered to in order to avoid under

prediction due to problems of scaling spall damage.

Spall Prevention and Retention

Several methods for decreasing the chances of spall on retaining

walls were discussed. Soil beres, shield walls, layered walls, addi-

tives in concrete, and corrugation of wall surfaces can reduce the

chances of spall. Spall plates, wire mesh, and close spacing of rein-

forcing steel can be used to retain spall.
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APPENDIX A

PLOTS OF THE ACTIVE MEASUREMENTS VERSUS TIME
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TEST 5A
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 58
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 6A
PPRESSURE DISTWBUTION AT GIVEN TIME
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TEST 7A
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 78
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TEST 8B
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 9A
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 9B
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 10A
PRESSURE DISTRIBUTION AT GIVEN TIME
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TEST 10B
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APPENDIX C

PRETEST AND POSTTEST PICTURES OF EACH TEST
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Fiur C--,- Te7t lAý ---- r-

,Twith 3.626 poundo C-4 in a oar"board
tube 1.54 feet from an 8.5-inch-thick wall.

Figure C.2. Test 1A did not damage the front of
the wall.
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Figure C.3. Test IA did not damage the back of
the wall.

"Figure CA. Test 1B setup with 3.626 pounds of C-4
in a 0.70-inch-thick casing at a stand-

- off distance of 1.54 feet from an
8.5-inch-thick wall.
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Figure C.5. The fragment damage to the front of the wall
caused by test 1B. The deepest penetration
was 0.75 to 1.0 inch.

Figvre C.6. The threshold spall caused by test 1B.
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Figure C.8. Teat 1C setup with a 1.07*1-pound C-4 bare
charge in contact with an 8.5-inch wall.

Figure C.9. The crater blown in the wall by teat 1C.
The crater was 2.44 inches deep.
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Figure C.10. Spall caused by test 1C. Spall

Velocity Was 53 £t/sec.

Figure C.11. Cross-sectional view of the
wall in test 1C.
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Figure C1.Test 1Dseup with a 7.411-pound bare
C-41 charge 1.541 feet from an 8.5-inch-
thick wall.

Figure C.13. Very -light scabbing of the wall caused by
test 1D.
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Figure C.14. Spall caused by test 1D. Spall
depth v'as 2.25 inches and spall
velocity was 28 ft/s.

rn

Figure C.15. Cross-sectional viaw of' wall
in test 1C.Thmancck
were 2.44 inches and 4.5 in-
ches deep.

at
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Figure C.16. Test 2A with a 4.70-pound bare C-4 charge
at 1.541 feet from an 8.5-inch-thick wall.

Figure C.17. Test 2A did not damage the front of
the wall.
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Figure C.18. Test 2A did not damage the baok of
the wall.

Figure C.19. Test 2B with a 5.45-pound C-4 char -e in
a 0.088-inch-thick casing at 1.514 feet
from an 8.5-inch-tiiick wall.
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Figure C.20, Fragment damage caused by tesit 22. Scab
depth was 1.25 inches.

Figure C.21. Cracks and a hollow area in the back
of wall caused by test 2B.
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Figure C.22. Test 2C with a 1.07-pound C-4 charge in
0.04-inch-thick casing 1.54 feet from
an 8.5-inch-thick wall.

I .

rK Figure C.23. Crater 2.50 inches deep, blown in
the front of the wall by the con-
tact charge in test 2C.
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Figure C.24. Spall caused by test 2C. Spall depth
was 2.0 inches and spaN. velocity was
53.5 ft/s.

Figure C.25. Test 2D with a 5.45-pound C-4 bare charge
1.54 feet from an 8.5-inch-thick wall.
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- Figure C.26. Test 2D did not damage the front
of the wall.

r Figure C.27. Teat 2D caused cracks and a hollow
area in the back of the wall.
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Figure C.28. Test 3A with a 29.41-pound bare C-4I charge
at 2.4~4 feet from an 8.5-inch-thick wall.1

Figure C.29. Outside view of the severe damage to
the wall caused by test 3A.
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Figure C.30. The scattered spall 'arMae and larg"' flex-
ural cracks in the backc at the wall caused
by test 3A. Spall depth was '4.87 inohe.3
and spall velocity was 69 ft/s.

Figire C.31. The uncovered breach arnd 1.59-inch displacement
of' the botti~oi of' the wall caused by test 3A.
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Figure C-32. Cross sectional view of
the wall in test 3A.
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Figure C.33. Test 3B with 7.08 pounds of C-4I in 0.088-inch-
thick casing at 1.54~ feet from on 8.5-inch wall.

K Figure c.,34I. Bomb fragment damage to the front of the
wall .,,aused by test 3B. Scab depth was
2 inches.
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Figure C.35. 1.38-inch-deep spall Caused by
test 3E. Spall velocity was
39 ft/sec.
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Figure C.37. Test PAt witil a 14,39-pound C-4~ char'ge in
a O.111-4nch-thick c asing at 5.0 feet
'rom an 8.5-inch-t~ick waill,

Figure C.38. Scab damage (2.25 inches deep) caused
by the bomb fragments in test 41A.
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Figur'e C,;3. H~airline craocks in the back of the
wall in test 4lA.

Figure C.40. Hollow zon~e in the back of wall
in test 4lA.
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Figure C.41. Cross-3ectional view of
wall in test 4lA.
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Figure C.42. Test 4IB with a 11I.39-pound C-4I charge
in a 0.111-thick casing at 2.44l inches
from an 8.5-inch-thick wall.

Figure C.43. 2.25-inch deep scab in the front of the wall
caused by bomb fragments in test 4IB.
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Figure C.414. 1.81-inch-deep spail caused
by test 4IB. Spall velocity
was 44 ft/s.
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Figure C.46. Test 5A with a 7.08-pound C-4 charge in
a 0.088-inch-thick casing at 1.54 feet
from an 8.5-inch thick wall made of
high-strength concrete.

FiGure C.47. Scab damage (1.25 inches deep) in the front
of the wall caused by bomb fragments from
test 5A.
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Figure C.48. Spall damage (3.75 inches deep)
in the back of the wall in
test 5A.

Figure C.49. Cross-sectional view of the wall
in test 5A.
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6A Figure C.50. Test 5B with a 3.63-pound C-14 charge in a
0.07-inch-thick casing 1.514 feet from an
8.5-inch-thick wall of high-strength
concrete.

KFigure C.51. Scab damage (0.94 inch deep) to the front
of the wall caused by bomb fragments from
test 5B.
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Figure C.52. Spall damage (1.06 inches deep)* to the back of the wall in
test 5B. Spall velocity was
� �

I I
II
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I I

Figure C.53. Cross-sectional view of t�xe wall
in test 5B. Main crack depths
were 1.06, 1.5, 2.12, and
3.38 inches.a[ 
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Figure C.54. Test 5C with a 1.07-pound C-4 charge in a 0.047-
inch-thick casing in contact with the 8.5-inch-
thick wall of high-strength concrete.

Figure C.55. Scab damage (1.85 Inches deep) to the
front of the wall caused by test 5C.
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Figure C.56. Close-up of the scab damage,
1.85 inches deep.

Ilk-

Figure C.57. Spall damage (3.38 inches deep) to the

back of the wall in test 5C.
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Figure C.58. Cross-sectional view of
wall in te3t 5C. Main
cracks were 3.38, 4.5,
and 5.38 inches deep.
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Figure C.59. Test 6 with a 7.08-pound C-4 charge in a 0.088-
inch-thick casing at 1.541 feet from an 8.5-inch
wall of concrete with acrylic latex additive.

Figure C.60. Scab damage (.1.08 inches deep) to the
front of the wall In test 6C.
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Figure C.61. Close-up at scab damage which was up
to 1.08 inches deep

Figure C.62. Threshold spell in the back of the wall
in test 6A.
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Figure C.63. Cross-sectional view of the
. wall in test 6A. Main

• cracks were 2.T5, 4.81,, and70 inches deep
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Figlik.. C.641. T2est 68 with a 3,63-pound C-11 charge in a
0.070-inch-thick casing at 1.541 feet from
an C.5-!nch-thick wall of concrete with
acrylic latex additive~.

Figure C.65. Scab damage (1.5 inches deep) to the
front of the wall in test 6B.
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fr~ Figure~ C.66. Threshold spall damage to the
back3ide of the waill in
test 6B.

Figure C.67. Cross-sectional view of the wall
in test 68, The main cracks were
2.143, 3.83, ~4.38, and 5.25 inches
deep.
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Figure C.68. Test 6C with a 1.07-pound C-4 charge In a
0.017-inch-thick casing in contact with
an 8.5-inch-thick wall of concrete with
acrylic latex additive.

Figure C-69. Scab damage (2.00 in. deep) to the front
of the wall in test 6C.
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Figure C.70. Spall damge (3.75 ,nahes deep)

to back of the wall in test 6C.

* Figure C.71. Cross-eectional view Of th* wall

In test 6c. Main cracks were 3.75
and 4.TS inches deep.
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Figure C.72. Test 7A with a 7.08 pound C-4l charge in a
0.088-inch-thick casing at 1.514 feet from
an 8.5-inch-thick wall of steel fiber
concrete.

Figure C.73. Scab damage (2.00 inches deep) caused

Sby bomb fragments from test 7A.
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Figure C.7-4. Threshold spall damage to the
* back of the wall in test 7A.
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Figure C.76. Teat 7B with a 14.39-pound charge
in a 0.111-inch-thick casing at
2.441 feet from an 8.5-inch-thick
wall of steel fiber concrete.

Figure C.77. Scab damage (1.38 inches deep) caused

H by the bomb fragments in test 7B.
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Figure C.78. Threshold spaJ.1 damage to
the back of' the wall in
test 7B.
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Figure C.80. Test 7C with a 1.07-pound C-4 charge in
a 0.047-inch-thick casing in contact
with an 8.5-inch-thick wall of steel
fiber concrete.

Figure C.81. Scab crater (2.25 inches deep) blown out
of the front of the wall In test 7C.
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Figure C.82. Spall damage (1.75 inches deep)
to back of the wall in test 7C.

Figure C.83. Cross-sectional view of the vaill
in test 7C. Main crack depths
were 1.75, 3.0, 3.75, and
6.25 inches.

C46



S1

Ii

Figure C.84. Test 8A with a 1.66-pound C-4 charge in

a O.054-irch-thick casing at 1.54 feet
from a 5.38-inch-thick wall.

Figure C.85. Bomb fragment damage up to 0.88 inches
deep in the front side of the wall in
test 8A.
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Figure C.86. Faint hairline cracks on the back
of the wall in test 8A.

Figure CAT7. Cross-sectional view of the wall
In test 8A. The main crack goes
all the way through at approxi-
mately a 115-degree angle.
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Figure C.88. Test 8B with a 3.63-pound C-4 charge in a
0.07-inch-thick casing at 1.54 feet from
a 5.38-inch-thick wall.

S.

Figure C.89. Bomb fragment damage up to 1.40 inches deep
in the front side of the wall in test 8B.
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Figure C.90. Threshold spall in the back of the
wall in test 8B. A few small
fragments left the wall at 57 ft/s.

Figure C.91. Cro3S-sectional view of the wall
in test %RB. The main cracks
were 1.00, 2.5, and all the way
through.
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Figure C.94I. Close-up of the wall with the debris
cleaned away. The lead spa11
velocity was 65 ft/s.

Figure C.95. Cross-sectioral view of the wall
breached by test 8C.
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Figure 0.96. Test 9A with a 1~4-39-pound C-4 charge in
a 0.111-inch-thick casing at 5.0 feet
from a 5.38-inch-thick wall.

Figure C.97. Scab damage up to 2.5-inch-deep caused
by bomb fragm~ents from test 9A.
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I ýA% Figure C.98. Threshold spall in the back
of the wall in test 9A.

F ~-
I 1

Figure C.99. Cross-sectional view of the wall in
test 9A. Main cracks were 0.87,
1.62, and 3.25-inches deep. The
"crack all the way through was at
a 28-degree angle.

C
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Figure C.100. Test 9B with a 1.66-pound C-4 charge in a 0.514-p.. inch-thick casing at 1.54 feet from a 5.38-inch-thick
wall.

VE

Figure C.101. Scab damage up to 0.62-inch-deep in the
front of the wall in test 9B.
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Figure C.104. Test 1OA with a 14.39-pound C-4 charge in
a 0.111-inch-thick casing at 2.44 feet
from an 8.5-inch-thick wall with closely
spaced reinforcing (1.5 inch). - j
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Figure C.105. Scab damage up to 1.75-inch-deep caused
by the bomb fragments from test 10A.
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i ~ Figure C.106. Close-up of' scab damage up to 
1.75 inches deep.

..

Figure C.107. Spall of' up to 1.25 inches from th~e back
of the wall in test 10A. The 3pall
velocity was 37.1 ft/s.

C58



Fiur C -08 br- ------- r.--sect---..-.-r------rt e

dep

C59I " •

Figure C. 108. Cross-sectional view of the
wall in test 1OA. Main
crack~s were 1.25, 2.0, 2.5,

* 3.88, 4.75, and 6.0 inches
deep.
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Figure C.109. Test 10B with a 3.63-pound C-4 charge in a
O.07-inch-tr•tok casing at 1.54 feet from
an 8.5-etne-thiok wall with closely spaced
reinforoing (1.5 inches).

p

Figure C.110. Scab damage up to 1.00 inch
deep in test lOB.
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Figure C.111. Hairline cracks in the back of
the wall in test 1OB.

., ~~Figure C.112. Cross-sectional view of the wall ."
in test 10B. No major cracks
were found.
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Figure C.113. Test IOC with a 1.07-pound C-4I charge in
* ~a O.0~47-inoh-thiok cas~ing In contact with

an 8.5-inch-thick wall with closelY spaced
reinforcing (1.5 Inches).

Figure C.114. Scab damage up to 1.88 Inches deep in
the front or the wall in test 10C.
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Figure C.115. 0.5-inch-deep spall damage
to the back of the wall
in test 10C.

Figure C.116. Cross-3ectional vvieww of th
wall in test 10C. M~ain
cracks were 1.38, 2.00, 2.75,
3.12, and 4 inches deep.
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Figure C.117. Test Box-i with bare 3.63-pound C-4 charge
at 1.54 feet from an 11.25-inch-thick wall.

Figure C.118. Front of wall after charge was
detonated in test Box-1.
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* Figure C.119. Hairline cracks in the back
of the wall in test Box-i.

* Figure C.120. Test Box-2 with a 3.63-pound C-4 charge in
a 0.070-inch-thick casing at 1.541 feet
from an 11.25-inch-thick wall.
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Figure C.121. Damage to the front of thewall in test Box-2.

Figure C.122. Close-up of the scab damage up to
1.0-inch deep in the front of the
wall in test Box-2.
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Figure C.123. Spall damage (2.50 inches deep) to the
back of the wall in test Box-2.

Figure C.124. Test Box-3 with a 3.63-pound C-4 charge
in a 0.22-inch-thick casing at 1.54 feet

* from a 11.25-inch-thick wall.
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Figure C.125. Damage to the front of the wall in
test Box-3.

Figure C.126. Scab damage up to 2.50 inches deep in the
front of the wall in test Box-3.
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* Figure C.127. Spall damage up to 3.00 inches deep in the
back of the wall in test Box-3.

Figue C128. Tes Bo-4 with a bare 7.141-pound C-4l charge
at 1.541 feet from a 11.25-inch-thick wall.
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Figure C.129. The front of the wall in test Box-4
incurred no damage.

Figure C-130. Back of the wall in test Box-~4 suffered
only a few small patches of spall.
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Figure C.131. Test Box-5 with a 7.414-pound C-4 charge in
a 0.088-inch-thick casing at 1.54 feet
from a 11.25-inch-thick wall.

Figure C.132. Damiage to the front of' the wall caused
by bomb fragments in test Box-5.
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Figure C.133. Close-up of the crater and scab damage caused
by test Box-5. Scab depth was up to
1.00 inch deep.

V

Figure C.134. Spall damage up to 3.75 inches deep in the
back of the wall in test Box-5.
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Figure C.135. Test Box-6 with a 7.44-pound C-4 charge in
a 0.344-inch-thick casing at 1.54 feet
from a 11.25-inch-thick wall.

Figure C.136. Scab damage up to 2.50 inches deep in
the front of the wall in test Box-6.
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Figure C.137. Spall damage up to 3.75 inches deep in the
back of the wall in test Box-6.

Figure C.138. Test Box-7 with a 12.0-pound C-4 charge
in a plastic pipe at 2.0 feet from a

11.25-inch-thick wall.
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Figure C.139. The front of the wall in test Box-?
slighty pitted.

Figure C.40 Spall damage up to 3.00 inches deep in the
back of the wall in test Box-7.
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Figure C.141. Test Box-8 with a 6.25-pound C-A charge
in a cardboard tube at 2.00 feet from a
11.25-inch-thick wall.

Figure C.142. The front of the wall in test
Box-8 showing no damage.
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Figure C.143. The back of the wall in test

Box-8 showing no damage.

Figure C.14~4. Teat Box-9 with a 6.25-pound C-4I charge in
a 0.156-inch-thick casing at 2.00 feet
from a 11.25-inch-thick wall.
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Figure C.145. Damage up to 1.5 inches deep to the front
of the wall in test BOX-9.

Figure C.1J46. Spall damage up to 3.00 inches deep in the
back of the wall in test Bu.x-9.
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Figure C.147. Test Box-10 with a 9.00-pound C-4 charge
* in a plastic pipe at 2.00 feet from a

11.25-inch-thick wall.

Figure C.148. Light damage to the front of the
wall in test Box-lO.
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Figure C.149. Threshold spall in the back of
the wall in test Box-O0.

Figure C.150. Test Box-li with a 3.86-pound C-14 charge
in a 0.25-inch-thick casing at 2.00 feet
froi.; a 11.25-inch-thick wall.

C80



U

Figure C.151. Scab damage up to 1.25 inches deep in the
front of the wall in test Box-11.

a'.

Figure C.152. Threshold to light spall damage (1.5 inches
deep) in the back of the wall in test
Box-11.
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APPENDIX D

DATA ON DAMAGE OF REINFORCED CONCRETE STRUCTURES

CAUSED BY NEARBY BOMB DETONATIONS



POINT REFERENCE TEST R W (tat) @ON@ SIZE CASING R/Wxl1/3 I
(an) (1W) 10 (Cp) X Mt. (in) (in) I I/ItbA l/3 (in)

I I I I I I I I

--- 1 A 18.6 4.068 3.0 X *.0 --- 0.9035 6.6
--- 16.6 4.89 - .070 0.0035 6.63 --- C 1 1.472 2.0 X 0.0 --- 0.0733 6.6

4 D 16.6 10.195 3.81 X 11.44 --- 0.?110 6.66 --- 2 A 18.6 6.439 3.26 X 0.?6 --- 0.8287 6.6
6 --- 0 18.6 7.4?3 3.75 X 8.89 .088 0.7886 6.6
7 --- C 1 1.4?2 2.0 x 6.0 .04? 0.076? 8.66 0 18.6 ? .473 3.44 X 10.31 --- 0.7886 6.6* "-- 3 A 29.26 40.296 6.0 X 18.26 --- 0.7110 6.

8 18.6 10.196 3.?6 X 11.26 .068 0.7226 6.651 --- 4 A 60.0 19.?19 4.76 X 14.26 .111 1.8607 6.6
12 --- a 29.25 10.719 - .111 0.9022 6.613 --- 6 A 18.5 0.702 3.76 X 11.26 .088 0.7228 6.6
14 --- 8 18.6 4.966 3.0 X 9.0 .070 0.9035 6.6Is --- C I 1.472 2.0 X 6.0 .047 0.0767 6.816 --- 6 A 16.5 9.702 376 X 11.26 .086 0.7228 6.1
I? --- 8 18.6 4.068 3.0 X 9.0 .070 0.0036 6.6
16 --- C 1 1.472 2.0 X 6.0 .047 0.0607 6.619 --- 7 A 16.6 9.702 3.76 X 11.26 .086 0.7228 6.6
20 --- a 29.25 19.719 4.76 X 14.26 .111 0.9022 6.621 --- C I 1.472 2.0 X 6.0 .047 0.0767 6.522 --- 6 A 18.6 2.276 2.31 X 6.94 .064 1.1720 6.3613 --- a 18.6 4.908 3.0 X 0.0 .070 0.9036 6.3624 --- C 18.6 4.908 3.03 X 0.0 .21876 0.0036 6.6326 --- 9 A 60.0 19.Y19 4.76 X 14.26 .111 1.8607 6.36
as --- 6 11.376 2.276 2.31X 6.94 .064 0.7207 6.38

27 --- 10 A 29.26 19.719 4.76 X 14.26 .111 0.9022 6.528 --- 8 16.5 4.906 3.0 X 0.0 .070 0.9036 8.620 --- C I 1.472 2.0 X 6.0 .047 0.0767 6.630 --- DNA 3-1 18.6 4.966 3.0 X 9.0 .070 0.9038 11.26
31 --- 3-2 18.6 4.966 --- 0.9036 11.25
32 --- 3-3 18.6 4.966 * .21876 0.9036 11.26
33 --- DNA 7-1 18.6 10.169 3.81K 11.6980 0:7111 I11.34 --- ~?-2 16,6 10.189".Ol 0T1 I i
35 --- ?-3 18.6 10.169 .34376 0.?111 11.2636 --- DNA 1 24.0 16.440 3.94 X 17.6 --- 0.7866 11.2537 --- 2 24.0 8.682 3.19 X 13.65 0.9T?6 11.2636 --- 3 24.0 6.062 3.06 X 14.31 .16626 0.9974 11.26
30 --- 4 24.0 12.330 3.04 X 13.12 --- 0.6667 11.2640 --- 24.0 4.99 3.0 X 9.36 .260 1.1712 11.1

41 48 1 FRONT 88.5 218.600 12.76 X 30.0. --- 1.2240 1642 4 2 FRONT 88.6 299.340 12.76 X 30.0 --- 1.1020 16
43 As 3 FRONT 88.5 218.600 12.76 X 30.0 .260 1.2240 1644 48 4 SIDES 66.0 218.500 12.16 X 30.0 --- 0.9130 1646 48 6 SIDE1 66.0 218.600 12.76 X 30.0 .260 0.9130 16

46 --- 1 22.6 4.411 2.868 X 4.6 0.125 1.1430 64? -2- 2 27.12 7.636 4.0 x 8.6 0.25 1.1360 948 --- 3 33 14.136 4.0 X 16.38 0.26 1.1370 9

49 --- 4 41.26 2?.6OS 4.i6 X 11.3 0 3 1.1370 D
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1W::113 CONCRETE WiWIcl REBAR REBAR DAMAGE

etlb*SI,13 (psi) R/WSO*3 VERT.(in) HORIZ.(In)

I --------- I -------- I ---------- -------------- --- I -----------------................................
iII I I I I

0.4160 5090 03 06 6 5 2 0 6.5 NO DAMAGE

0.4161 5090 0.67114065 93 1 5.5 02 0 5.6 THRESHOLD

0.6227 5090 03 * 5.6 22 : 6.5 3EOIUM (2 318" DEEP)

a.326T 6090 03 0 5.6 02 0 5.5 MEDIUM (1 1/4" DEEP)

0.3S0? 4550 03 : 5.5 02 S 5.6 NO DAMAGE

S0.3023 460 0.66430556 03 • 5.5 02 S 5.6 THRESHOLD
0.223? 4860 0.0.6843766 3 S 6.5 02 a 6.5 MEDIUM (2" DEEP)

0.3023 4160 03 • 5.5 02 0 5.6 BARELY THRESHOLD

0.2066 5060 03 0 6.6 02 0 5.6 PATCHED SPALL & FLEXURE BREACH

0.326? S0o0 0.657647411. 03 a 5.5 02 0 6.6 MEDIUM (1 0/16" DEEP)

0.2622 5290 1.37407106 03 0 5.6 02 6 6.6 NO VISIBLE $PALL BUT HOLLOW

0.2622 5290 0.6698475? 03 a 5.5 02 a 6.5 MEDIUM-HOLLOW OVER $$"SPACE

0.3321 13815 0.56057485 03 0 5.5 02 6 6.6 MEDIUM OVER A LARGE AREA

0.4151 13816 0.67114066 * 0 5.6 02 65.6 MED I UM

0.6227 13616 0.06687776 03 S 5.5 02 0 5.5 SEVERE

0.3321 4606 0.66067465 03 • 5.6 02 a 6.5 THRESHOLD TO BARELY SPALL

0.4161 4606 0.67114066 03 • 6.5 02 1 6.6 THRESHOLD TO BARELY $PALL

Q.4227 4605 0.06667778 03 S 5.6 02 0 6.6 MEDIUM TO SEVERE

0.3321 6060 0.66967465 03 0 5.6 02 0 5.6 THRESHOLD "CRACKING*

0.1622 6050 0.66264767 03 0 5.: 02 1 5.6 THRESHOLDISHEARIFLEXURE
0.121 0O0008T7 3 6 6.5 02 11 6.5 MEDIUM

0.3406 4000 0.87048645 BARELY CRACK4D-HALLOW
0.2625 4000 0.67114056 020 4.125 OP.6 0 4.5 OUTsitt-SEVERE FRAG. DAMAGE

0.1625 4000 0.42114730 02 0 4.126 02.5 0 4.6 BREACHED

p. 0.1658 4606 1.37407106 02 0 4.126 02.6 4.6 FLEXURE & SHEAR 0 BOTTOM

0.3406 4606 0.63628974 02 S 4.125 D2.6 0 4.6 THRESHOLD

0.2622 4300 0.66964757 03 a 1.5 D1 S 1.26 SPALL

0.4151 4300 0.67114065 03 0 1.6 Dl • 1.26 LIGHT CRACKS

0.822? 4300 0.06607778 03 b 1.5 D1 0 1.15 MEDIUM SPALL

0.6495 6010 0.67114531 05 a 6.0 05 • 0.0 LIGHT (2 - 2 1/2" DEEP)

0.649S 5010 00 6 6.0 06 0 6.0 HAIRLINE CRACKS - NO DAMAGE

0.6405 6010 0.42110337 0* a 8.0 06 0 6.0 LIGHT TO MEDIUM (3" DEEP)

.0.324 5010 05 4 8.0 06 1 6.0 LIGHT $PALL (1 610" DEEP)

0.4324 6010 0.52659334 to * 8.0 0o e 8.0 MEDIUM SPALL (1 1/2" DEEP)

0.4324 6010 0.28036460 06 a 8.0 06 S 6.0 MEDIUM TO SEVERE (3 1/4" DEEP)

0.3687 6010 08 1 8.0 06 5 6.0 MEDIUM SPALL (S" X 40")

0.4683 5010 06 a 6.0 06 a 6.0 NO DAMAGE

0.467S S010 0.5S639626 06 e 6.0 06 8 6.0 MEDIUM $PALL

0.4056 5010 06 1 8.0 00 e 5.0 THRESHOLD OF LIGHT SPALL

0.5490 6010 0.49000069 08 1 8.0 06 S 8.0 THRESHOLD SPALL

0.2490 4321 08 0 6.0 04 5 0.0 HAIRLINE CRACKS

0.2242 4321 05 a 6.0 04 1 9.0 HEAVY SPALL-WALL MOVED 2"S8OTTOM

0.2490 4321 0.07629005 04 * 6.0 04 0 0.0 BREACHED SAMEPLACE AS SHOT 2
0.1400 4321 to 0 • .0 05 0 11.0 CRACKS-WALL MOVED 4.6*0 BOTTOM:.'

0.2490 1321 0.66363659 00 a 7.0 06 1 11.0 BREACH-WALL MOVED 4"

0.4573 65C0 0.85294765 06 5 4.0 03 0 4.0 NO DAMAGE

0.3776 6600 0.56204260 06 0 4.0 03 1 4.0 THRESHOLD

0.3100 6500 0.56072646 0s a 4.0 03 5 4.0 SPALL

0.2460 6600 0.64442039 06 1 4.0 03 1 4.0 SPALL
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POINT REFERENCE TEST a W (tnl) BOMS SIZE CASING A/Wad//3 T
(in) (lb) 10 (in) X Ht (on) (in) ftllb Ib /3 (in)

I I I I I I

80 ... 0 60.460 .009 X 23.31 17 .1400 12.5

61 -0. 59.0 80.460 8.09 X 23.31 to? 1.1400 12.6

12 89.0 .0.4:0 6.09 N 23.3 ? .1400 12.6

63 8.....06.0 S0.480 8.00 X 23.31 19 400 12.8
4 8..-90 0.460 S.OV N 233 .197 1.1400 12.5

55 ... ... 89.0 80. 40 X.U9 N 23.31 19 400 12.8

564 ... .. 69.0 80.460 6.O X 23.31 .19? 1.1400 12.6

67 ... ... 69.0 60.460 8.09 X 23.31 .197 1.1400 12.6

68 ...... 69.0 80.460 8.09 X 23.31 .197 1.1400 12.5

6S --- - 69.0 80.480 8.09 X 23.31 .197 1.1400 12.6
so60 8... 69.0 80.460 6.09 X 23.31 .197 1.1400 12.78

61 --- 89.0 60.460 6.09 X 23.31 .197 1.1400 21.626

62 80.... 69.0 60.460 8.09 X 23.31 .19? 1.1400 16.78

63 69.0 80.460 6.09 X 23.31 .197 1.1400 12.6

64 49 --- 1.02 1 CSPHERES) 1.24 --- 0.1350 6

66 40 2.04 2 4.08 --- 0. 1349 0

6 49 - 2.88 4 6.16 --- 0.1364 a

67 49 --- 3.54 10 7.06 --- 0.1369 6
08 t9 1.62 1 3.24 --- 0.1360 10

69 49 --- 1.04 2 4.08 -.. 0.1349 10

70 49 2.66 4 6.16 0 .1354 10

71 49 3.64 10 7.08 0 .1369 10

72 49 --- 4.08 16 6.16 --- 0.1349 10

73 49 4.6 21 9.00 0 .1369 10

74 49 --- 5 s0 12.00 --- 0 .1361 20

76 50 S3A i-S 2.87 6.6 (SPHERE) 6.74 --- 0.1354 10.25

i6 2 I-Sille 89.06 60.46 v.6 X 23.6 --- 1.1390 19.7

77 2 2-SIB 89.05 80.46 8.6 X 23.6 --- 1.1396 12.8

To 2 4-SlI 69.06 80.48 8.6 X 23.6 --- I.1396 12.8

7o 2 7-SIA 86.14 66.06 8.6 X 23.6 --- 1.3640 19.?

80 2 9-S1IIA 59.05 85.98 8.6 X 23.6 --- 1.2180 12.8

01 2 11-SIA 69.05 78.99 8.6 X 23.6 --- 1.1470 19.7

82 2 12 69.05 66.14 9.0 X 25.6 --- 1.2170 12.8

:3 2 13 59.06 66.140 9.0 X 26.6 .236 1.2170 12.6

64 2 14 80.06 8.614 9.0 X 25.8 --- 1.2170 22.6

as 2 15 69.06 92.800 8.66 X 23.02 .236 1.0860 12.8

86 51 60 16.400 4.99 X 23.74 FWx.60161 2.0100 6.0

a? 61 00 16.400 4.99 X 23.74 FWa.00161 2.0100 6.0

88 61 60 16.400 4.09 X 23.74 FW%.001 1 2.0100 6.0

59 51 240 16.000 --- 7.9340 6.0

90 51 120 16.000 --- 3.9486 6.0

91 61 60 2.331 Fw:.00177 3.7710 8.0

92 S1 so 3.300 ? 3.3680 6.0

93 61 60 ? 1 6.0

84 51 120 7.700 TOT4T.. 5.0000 6.0

96 51 60 7.700 TOT47.8 2.5320 8.0

96 S1 60 2.331 FWa.00172 3.7710 6.0

97 61 60 3.300 7 3.3680 6.0

68 S1 60 ? ? 6.8
90 SI 60 7.100 FW=.0S33S 2.6016 6.0

100 1 80 7.700 TOT:4T.8 2.6320 6.0

101 31 660 15.400 4.9t X 23.74 FW-.00101 12.0580 6.0

502 81 so 16.400 4.99 X 23.74 FW:.00181 2.0100 6.0
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l/Was13 CONCRETE W/(WC)a REBAR HESAR DAMAGE
/II ilhalt3 (psi) R/Ws6I13 VERI (in) HORiU•(in)

------------------------------------------- -------------- ---------------- -----------------------------III I I I

0,2413 5584 ERR I x 66 * 4.0 :3 : 4.0 MEDIUM SPALL0.2413 5564 ERR 64 0 7 0 63 0 4.0 MEDIUM (2-2 314% DEEP)
0.2,13 4952 ERR 66 0 4.0 63 0 4,0
0.2413 4952 ERR 64 ( 3.6 63 0 4 0
0.2413 5004 ERR 64 • 3.5 63 6 4.0
0.2413 5004 ERR 64 4 7 0 63 * 5.00.2413 6233 ERR 63 a 9.0 63 • 9,0 NO DAMAGE EXCEPT FRAGMENT30.2413 5233 ERR 03 0 9.0 03 6 9,0 NO DAMAGE EXCEPT FRAGMENTS0.2413 1352 ERR 64 0 3.5 63 0 9,0 SPALL PLATE DEFLECTED 7"
0.2413 5352 ERR 63 * 3176 63 * 9,0 $PALL PLATE DEFLECTED 6"S0.3040 6164 ERR 03 a 5.0 03 0 7.0 MED (1-1 112" DEEP)-SHEAR I FL
0.41?4 6164 ERR 63 0 7.0 63 0 5.0 LIGHT TO MED.-SHEAR 0 FLOOR0.3619 5468 ERR 03 0 6.0 #3 * 0.0 LIGHT TO MED,.SHEAR • FLOOR0.2413 5468 ERR 03 S 3.75 63 * 9.0 SPALL PLATE DEFLECTED 6"

0,6000 3500 #3 t 11.75 03 1 12.0 SPALL (2.4" DEEP X 17.4" OIA.)0.3970 3500 03 0 11.75 03 6 12.0 BREACH (18.36" DIA.)0.3160 3500 63 6 11.75 63 0 12.0 BREACH (26.4" DIA)
0.2320 3500 03 0 11.75 03 * 12.0 BREACH (28.5" DIA)00.6330 3500 04 a 11.75 04 a 12.0 NO SPALL
0.6610 3500 *4 0 11.V5 64 * 12.0 NO SPALL0.5250 3500 64 0 11.75 64 6 12.0 SEVERE (5.70" UEEP x 10.2" DIA)0.3670 3500 04 t 11.75 64 6 12.0 BREACH (36.26" DIA)0.3310 3500 04 0 11.75 *4 6 12.0 BREACH (42.72" DIA)
0.3020 3500 *4 0 11.75 64 0 12.0 BREACH (47.52" DIA)
0.4520 3500 *4 6 10.76 04 0 12.0 BREACH (68.28" DIA)

0.4640 4670 RAT.m.002? MEDIUM SPALL (2-1 112' DEEP)
0.3803 3655 RAT.c.00055 RAT. .00UR96 MED. TO HEAVY SPALL 314"0.2471 3655 RAT.00055 RAT.c.000956 BREACH-HOLE0.2471 3655 RAT.:.00065 RAT.:.000956 BREACH & SPALL PLATE TORN AWAY0.4062 3655 RAT.m.00085 RAT.:.000956 CRACK & .31" PERMANENT DEFL0.2440 3655 RAT.:.00065 RAT.:.000956 LARGE CRACKS, 5.9" PENM. OtFL.
0.3824 3655 RAT..00085 RAT.:.00096 WALL$ SEPERATED. HEAVY DAMAGE0.2638 5917 RAT. .0017 RAT.O=01? MED. SPALL. 1 112" PERM. DEFL.0.2834 5917 0.69545801 RAT.:.0017 RAT.:.O017 CRACKS. 1 114" PERM. OEFL.0.2638 5917 RAT.:.00087 RAT.m.00087 LIGHT CRACKS. LIGHT SPALL0.2658 6917 0.73700658 7mm * 5.9" 5mm * 5.9" NO DAMAGE. HAIRLINE tRACKS

0.2010 4000 0.35111161 04 g 11.0 04 0 11.0 BREACHED
0.2010 4000 0.35111161 *4 I 11.0 64 1 11.0 HAIRLINE CRACKS0.2010 2500 0.36111161 04 0 11.0 04 6 11.0 NO SPALL0.1964 2500 05 0 7.8 05 a 11.0 NO DAMAGE
0,1964 2500 05 0 7.6 65 6 11.0 NO DAMAGE
0.3771 2500 1,23267437 06 a 7.8 .5 * 11.0 NO SPALL
0.335• 2500 *5 0 i.4 05 a 11.0 CRACKS

2500 150 6.0 *5 a 10.0 CRACKS0.2532 2500 05 t 7.8 05 0 11.0 SEVERE $PALL0.2532 2500 65 0 7.8 65 0 11.0 BREACHED0.3711 2500 1.23267437 66 0 10.0 O5 0 12.0 NO SPALL. OUTSIDE SCABBED0,3358 2500 06 a 10.0 65 0 12.0 NO SPALL, OUTSIDE SCABBED
2500 *5 0 10.0 *5 e 12.0 NO SPALL. OUTSIDE SCABBED0.2602 2500 65 0 10.0 *5 8 12.0 MEDI'UM SPALL A CRACKING

0.2532 2500 66 * 10.0 65 * 12.0 SEVERE SPALL0.20!0 2500 2.10532032 #6 6 10.0 S 0 12.0 SMALL BREACH0.2010 2500 0.35111161 06 6 10.0 65 6 12.0 BREACHED
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POINT REFERENCE TEST W tint) some SIZE CASING A/WArtI3 1
(int) (lb) 10 (in) X Mt. (in) tfin) ftllbma*1 3 tin)

--I -- -....... ---)--I I I ------ -I -I ------ -- ..

I I I I I I I I
104 61 3 ? 41,01) --- 0.1360 S 0

106 a3 1 60.06 76.240 ?.aT" !; 26.60" .236 1. 1606 12.0
106 63 2 33.46 16.163 4.13" x 10.06" .10? 1. 1120 2V.6
10? S6 I 60.0b 76.240 V.01" x 26.6" .236 1. 1605 .1?
105 63 4 33.46 16.713 4.13" X 19.16" .10? 1. 1120 12.6
l0o 63 13 116.11 446.320 ? ? 1.2890 26.63

(0.0. X HEIGHT)
1 1 0 04 m l 3 : .3 1 1 5 . 1 0 2 0 .2 : X 23 3 ? 4 .E S 1 .3 2 ? 0 1 1 ,6 1III 64 H2 1 g08 16.102 6.22 2 3.74 .616 0.6636 11.61
112 64 M3 39.31 16.10 6.22 X 23.74 .016 1.3210 IS.61

113 54 144 1,14 13,102 1.22 X 23.14 .611 0.3317 16.t1

!14 $4 22 39.3? 22.040 S IN BAG --- 1.IV62 11.81
Ila 64 He 10.60 21,040 7 IN SAG --- 0.6049 11.61
11e 64 my 0.64 22.040 T IN SAG --- 0.2026 11.81
Il? 64 me 30.3? 12.040 ? IN BAG --- 1.1702 7.11
116 64 He 19.66 22.040 ? IN BAG --- ..67i9 ?.1?
119 64 HIO 0.64 22.040 ? IN BAG --- 0.2026 1.6
120 64 NI1 19.66 22.040 ? IN BAG --- 0.6646 16.76
121 54 HN2 9.64 VP.040 ? IN CAG --- 0.2196 I.76
122 54 H13 0.4 22.040 ? IN SAG --- 0.2926 16.1'
123 64 H14 0.64 44.0S0 ? IN SAG --- 0.2321 11.01
124 64 Mis 2 14.00 0.60 X 0.00 X 3.g 3 0.0601 16.76125 66 I 0.4 0.025 .7078 CUoED --- 0.1100 3.04
126 66 2 0.6 0.066 1.0046 CUBED --- 0.1100 3.0412? 56 3 0,63 0.110 1.266? CUBED --- 0.1100 3.04
12t 66. 4 0.6 0.211 1.6S4i CUBED --- 0.1100 3.04120 65 6 0.0 0.221 1.6940 CUSED --- 0.1100 3.64
130 6 6 1.,77 0.221 1.6040 CUBED --- 0.2440 3.94131 66 7 2.`6 0.121 1.6540 CUBED .-- 0.3610 3.04
132 66 8 0.01 0.331 1.6266 CUBED --- 0.1!00 3.04
133 66 9 2.1? 0.331 1.0256 CUBED --- 0.2610 3.64134 66 10 3.16 0.331 1.6266 CUBED --- 0.3600 3.04136 a8 11 1 0.441 2.0066 CUBED --- 0.1100 3.04136 66 12 2,36 0.441 2.0066 CUBED --- 0.2•60 3.04
;3T 66 is 3.64 0.441 2.0066 CUBED --- 0.3660 3.94
136 63 14 4.72 0.441 2.0066 CUBED --- 0.6170 3.04130 66 1i 1,97 0.661 2.3001 CUBED --- 0.1010 3.04140 66 1i 1.97 1.102 2.7266 CUBED --- 0.1690 3.94141 66 17 3,16 1,102 2.7209 CUSeD --- 0.2640 3.04
142 56 is 6.00 2.204 3.4366 CUBED --- u.37E0 3.04
143 66 19 4.92 4.409 4.3200 CUBED --- 0.2600 3.04
144 66 20 6.66 0.614 4.0556 CUBED --- 0.3040 3.4146 56 21 0 0.626 1.323 LB .62 0.1400 3.94
14 6 22 4.32 0,.66 1.323 LB .62 0.4372 3.04
147 66 23 10.4:6 0.lie 1.323 LB .62 0.7446 3.0414: 56 14 19.164 0.64 1.323 LB .62 0.?464 3.04
140 66 26 2V.660 0.626 1.313 LB .62 2.4402 3.64
160 L6 Bo 0 4.315 33.07 LB .13 0. 1200 3.04
I6l 66 27 19.616 4.316 33,07 LB .13 1.0040 3.04

39. 55 2 310,3O 4.366 33,07 LB .13 2.00TO 3.64
6 23 774 4 .LB .13 4.0160 3.04164 66 3 111.110 4.345 33,07 LB .13 6.020 3,i4166 66 31 196.460 4.366 33.07 LB .13 10.0370 3.04
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TIW~~~II3 COC /WC' RBAR REBAR DAMAGE

It/lbKSI3 cP &) RItWaaI / 3 MOER1 ( i) 04 in)

0. 46SF 3100 54 B 12.0 04 0 12.0 BREACHED 25'HOLE x 14*SPALL
o.1836 3600 *4 0 12.0 04 6 12.0 BREACHED 26'HOLE K 60"SPALL

0.2611 6517l 0.73590012 RAT:.0600Ba RATe.00052B BREACHED 16.11" K 65.9"
0.4264 call 0.6,90602@ RATz.000620 RAT".000526 SPALL 6.7"'DEEP 23.6" N 21'.6"
0.114? 4000 0 73670636 RATx.000620 RAT%.000520 SHEILD WALL DESTROYED MAIM WALL
0.2611 4000 0.S9001025 RAT-.000S29 RATa.000S20 SHEILD WALL DESTROYED MAIN WALL
0.2793 7262 RAT=.000S20 RAT:.000520 MEDIUM SPAIL ta"DkLEP) + 2" SCAB

0.395) 4267 0.2200B68B IS B1 6.0 Is B 1.6 MEDIUM SPALL (3.6"DEEP)
0.3961 4267 0.11404446 15 a 5.9 If 01 5.0 TOTALLY DESTROYED
0.3130 4267 0.22608606 20 B 0.34 20 B 9.64 PLEXURE + SEVERE SCABBING
0.6310 4267 0.0S70IS6S 20 0 96.4 14 B1 1.6 SEVERE &PALL + SEVERE SCABBING
03110 4267 tB B 6.0 is B 6.0 NO DAMAGE
..3610 4267 tB B 6.0 Is B F.9 HAIRLIKE FLEXURE CRACKS

0.3610 4267 16 B 1.0 IS B 6.6 MED SPALL (2.?"DEEP) * SCABBED
0.2330 426? 10 B 3.94 10 6 3.04 NO DAMAGE
0.2339 4267 10 0 3.04 140B 3.04 MED $PALL 2"DEEPEST
0,2330 4267 10 B 3.64 10 01 3.04 COMPLETELY DESTROYED
0.4661 426? 30 0 0.64 20 B 0.64 HAIRLIKE FLEXURE CRACKS
0.1661 4267 30 B 96.4 20 B 9.84 CRACKS, SMALL THRESHOLD $PALL
0.4661 426? 20 B 3.34 14 6 6.0 FLEXURAL CRACKS
0.2786 4267 64 0 6.0 Is B 6.0 HEAVY SPALL & WALL LEANED OVER

milk- 0.5446 4267 6s B 1.0 lB B 6.0 TOTALLY DESTROYED

1.066o 6670a RAT".00406 RAT".00404 NO DAMAGE

0.6630 66701' RAT".80406 RAT'.00406 NO DAMAGE
0.66 670RATm. 04106 RAT..00406 MEDIUM SPALL

0.6540 660RTg046oA?04* EIU PL
0.5430 0670 RATa.00406 RAT".00406 MEDIUM SP0ALL

0.5430 6670 RAI'.00406 RATr.00406 MEDIUM SPALL

0.5430 6670 RATa.00406 RAT..00406 THESHOLD SPALL

0.54760 6670 RAl".00406 RAT..0@406 SEVRESHL $PALL

0.476 TO RAT'.0040 RAT . dG SVER PALL

0.4760 6670 RAT".00400 RAT-.O0i405 MEDIUM $PALL
0.4310 6670 RAT".00406 RATa.00400 BREACHED
0.4310 6670 RATz.00406 RATt.00406 SEVERE SPALL

0.4310 s6l0 RAT..06046 RATz.00405 SEVERE $PALL

F.0.4310 6670 RATo.00406 RAT..00406 THRESHOLD
0.3770 7250 RAT..00406 RATt.00406 SEVERE SPALL

0.3180 7260 RATz.00406 RAT'.00406 BREACHED
0.15 760RAT".00406 RAT..00406 SEVERE SPALL

0.262 7260 RATt.00406 RAT:.00406 SEVERE $PALL

0.-2000 7250 RAT".00405 RATa.00406 BREACHED

4: .1750 7250 RATo.00406 RATZO04dOS BREACHED
0.3602 7110 0.06724367I RATz.00411 RAT=.0041I BREACHED
0.3102 7110 0-27246616 RAT".004ll RAT".004I1 OREACHED

0.3602 7110 0.56406406 RATa.004lI RATmO40l1l MEDIUM TO SEVERE SPALL

0.3602 7110 1.09023464 RATe.00411 RAT".0041I MEDIUM SPALL

0.3602 7110 1.62636316 RATa.00411 RATU.00411 140 DAMAGE

o.2o0 71110 0.4ggloggg RATo.0041l RAT4.0041111 BREACHED
0.2000 7110 0.23667043 RAT".00411 RAT&.O0llI BREACHED

0.2006 7110 0.41112422 RAT8.004111 RATa.004l1 BREACHED
0.200 711 .04246316 RAT".00411 RATa.O0llI1 BREACHED

0.203& 1"iiO I.41360?4et RATz.0041i RATz.0t44mI BREACHED

0.2000 7,110 2.36609061 RATu.00411 RAT=.00411 BREACHED
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POINT AEFERENCE TEST R W lint) BOMS SIZE CASING RIWSSI13 I
(in) ( Ib) I0 (111) X HtI. tinl) ( in) It/ Iba~ 113 (in)I

I--------------- - I----------- -
I I I II II

Is$ 68 161.48 44.901 SWISS 60hg IONS .44 3.6960 6.0-11 S

IS? S? WAND 5 0 48.601 SWISS 50kg SOMS .44 0.1000 41.24
ISO S? PECKE 0 40.501 SWISS 50kg SOMS .44 0.1000 43 301

1sa as 400 35 20.000 ? --- 1,0130 IS
600 25 401 is 26.000 1,-- 0.506.3 to

161 as 402 -10 26.000 -- 0.3610 I
let as 403 t0 ý6.000 7-- 0.1610 Is

I SLKv4XSX7 c

163 56 1 2.05 2.205 5 BLOCKS --- 0.1312 6.60
104 56 2 tG6?4 0.441 1 BLOCK -.-- 0.0062 S.66$
166 5 3 1.18 0.001 1.5 BLOCKS --- 0.1119 6.00
IS$ 6 4 .70? 0.441 ISLOCK - 0.0003 16.36

IS? 646 1.10 0.661 1.6 SLOCKS -- 0.1119 16.30
Its 501 6 210S 2.206 6 BLOCKS -- 0.1311 16.36
ISO so r 2.62 4.400 10 @LOCKS -- 0.1101 15.36

17 55 2.56 6-61: 16 :LOCKS :- .1136 16.16
171,0 5 3.3 11.2 25 LOCK -- 0.1264 43.31

go 6 IA 1.1 2.306 STACKED BLOCKS -- 0.0To0 13.76

173 s0 2A 1.1 2.205 STACKED BLOCKS -- 0.0700 13.76
174 s0 3A 11 2.206 STACKED BLOCKS - 0.01,00 '3.76

176 40 4A .1 2.206 STACKED BLOCKS 000 31
I7 0 A 11 2.206 STACKED BLOCKS -- 0.070t. 13.71

177 60 is 1.26 4.409 STACKED BLOCKS 0.0640 13.?G
Ill 60 201 1.26 4.409 STACKED BLOCKS - 0.0040 13.76

1?: 60 3 1.6 4.400 :TACKED BLOCKS -- 0.0640 13.70
160 60 4 12 4.40 STACKED BLOCKS 0.0640 13.76
161 40 so 1.26 4.409 STACKED BLOLAS 0.0640 13.76
let 60 IC 2.46 6.614 STACKED BLOCKS -- 0.1100 13.71

163 60 2C 2.46 6.614 STACKED BLOCKS -- 0.1100 13.76
* ~164 so 30 2.46 6.614 STACKED BLOCKS -- 0.1100 13.76

IS so 66 6 4C 2.46 6.614 STACKED BLOCKS - 0.1100 13.76

IS$ s0 SC 2.46 6,614 BTACKED BLOCKS -- 0.1100 13.76

1s? $1 is .6606 0.110 CYL ON $109 0.- 61026 3.93?
166 III It .6906 0.166 CYL ON SIDE -- 0.0606 3.637
IS$ 111 16 1.7716 0.220 CYL ON END 0.1444 3.937
160 111 9 .?674 0.306 STACKED BLOCKS' --- 0.0671 3.037

-. 101 of 7 .70,4 0.441 STACKED BLOCKS --- 0.0662 3.937
162 61 24 .5900 0.066 CYL ON SIDE -- 0.1217 0.4466
163 6116 .6606 0.220 CYL ON SIDE --- 0.0615 6.4466
164 61 1 .6900 0.220 CYL ON SIDE -- 0.0Ss6I- 9.4486
166 61 g0 .?874 0.441 STACKED BLOCKS - 0.0602 6.4466

10 1 7 -6:42 0.062 STACKE BLOCKS -- 0.0665 *.4460
157 61 23 1.3 1.4 SP:HERE -- 0.0664 6.4466
ISS III fi2 1.6110 3.066 SPHERE -- 0.1036 0.4460
199 i1s1 2.1663 4.400 SPHIERE 411 .1100 6.4460

D8



TIN::!?3 CONCRETE Wi(W*C)S RESAR RESAR DAMAGE
11UIb'S113 Cpot) RIWaSt/3 VER~T.In) HORIX.Csn)Ii I m

0.2020 1 .15641301 RATe.00141? LIGHT FLEXURAL SEVERE SCASSING

1.0195 490? 0.04405116 RATg.000?1 SEVERE FLEXURE + SPALL
0.9096 7110 0.04400161 RATx.000S FLEXURAL BENDING, DEEP SPALL

0.5063 6000 RATa.00475 NO DAMAGE
0.6063 :600 RATa.00$75 NO DAMAGE0.6063 5600 RATa.006?t NO DAMAGE0.5063 6100 RATs.00S NO DAMAGE

0.6546 6365 3mm 0 1,55 3wmm0 1.6?6 SEVSPALL TO CONT. BREACH.
0.6490 3635 3ý 1.675 3m S 1,6?6 SEVSPALL TO CONT. BREACH.
0.6253 53656 Smm 1,6$ 3am 6 1.576 SEV.SPALL TO CONT. BREACH.
1.6000 6365 6am 0 2.756 Smm 6 2.76 NO SPALL. FRONT CRATER

.44601 6366 5mm S .m S 2.766 NO SPALL. FRONT CRATER
0.00 5s365 5mm 2.7J6 Sm. S A.751 THRESHOLD. FRONT CRATER
0.7001 5365 S1.. 5 2.7S6 Sm. 0 I.751 MED $PALL TO BREACH. BACK BULGE
0.6016 5365 S63m 0 ,755 BREACHED
1.611? 5365 mG 6.765 6 .Si 2.766 NO 4PALL, FRONT CRATER
0.8623 7975 STIRRUPS TOT RATmOIT? LIGHT $PALL
0.6023 ?S?5 STIRRUPS TOT RAT,01126 LIGHT $PALL
0.6013 ?705 STIRRUPS TOT RAT,0110 LIGHT $PALL
0.6013 7076 STIRRUPS TOT RATe.0124 LIGHT $PALL
0.6023 ?975 STIRRUPS TOT RATv.0120 LIGHT $PALL
0.?003 7575 STIRRUPS TOT RATa.011? LIGHT TO MID SPALL
0.T003 707? STIRRUPS TOT RATs,0126 LIGHT TO MIED PALL
0.?003 7075 STIRRUPS TOT RATa.0110 LIGHT TO MED SPALL
0.?003 7075 STIRRUPS TOT RATs.0114 LIGHT TO MID IPALL0.7003 7075 STIRRUPS TOT RAT=,OltO LIGHT TO M0D SPALL0.0117 7076 STIRRUPS TOT RATa,011? MEDIUM IPALL

0.o117 7756 STIRRUPS TOT RATs.0126 MEDIUM SPALL
0.6117 7975 STIRRUPS TOT RAT&.0110 MEDIUM SPALL
0.611? ?976 STIRRUPS TOT RAT.01*4 MEDIUM IPALL
0.6117 7075 STIRRUPS TOT RAT.0120 MEDIUM &PALL

0.6042 4060 TOT RAT-.00634 MEDIUM $PALL
0.5577 4060 TOT RAT:.:0034 MEDIUM NPALL ON SEVERE
0.6431 4060 TOT RAT=.O0034 BREACH
0.4664 4060 TOT RATs.00534 SREACH
0.4311 4060 TOT RATa.00534 BREACH
1.94?0 6670 TOT RATs.0036 NO DAMAGE
1.3034 6s70 TOT RAT:.0O:: NO DAMAGE
1.3034 4670 TOT RAT:.003: NO DAMAG,
0. W11 6670 TOT RAT:.003: NO DAMAGE

0.4014 4625 TOT RAT:,030 MEDIUM 8PALL
0.6408 4625 TOT RATs.OOSO 5REACH
0.4802 56?0 TOT RAT:.0036 BREACH
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PUINI REFEAENCE TEST A IN (IntI) BOMB SIZE CASING H/Wa'I0 T

-I--------I--------I------I------I------------------ I----------I-----------I-------- -

20 a I 61 4 .4::1 1.323 TNT SPHERE --- 0.1106 113.Pre6
202 61 3 2.4409 6.173 TNT IPHERE *- 0.1109 ll.?166

204 SI 3 3.2441 211046 TNT SPHARE --- 0.Il@6 13.1196

20 4 3.1496 43,226 N SPHEIRE -- 0.1110 21.O6*1
to $06 11 1 3.9310 26.454 TNT SPHERIE --- 0.1101 27.662
t0? $11 a 4,3301 32.063 TNT SPHERE1 --- 0.1124 91.661?
204 UI a 4.7244 26,663 TNT SPHERE --- 0.1164 S1.6621
106 6 1: :.1244 36.662 TNT SPHEAR --- 0.1134 27.062?

210 a1 4 .44 44.6 TNT SPHERE --- *.111$ 21.0621

21 47 76-2 240 64 6 X 14 --- 6 14
12 4? FIR-3 240 64 6 1 24 --- 6 14

211 47 '6-4 too 2? 6 x to --- 5 14
24 41 118-1 s0 64 6 N 24 - 1.26
16 4? P6-6 240 64 8 N 24 -- 6 14

Its 47 il P-1O 60 64 6 N 24 1--1.11: 14
21? 47 Ps-lI 240 64 6 X 24 is 61
all 47 PS-13 240 64 6 N 24 --- 6 1s
213 4? PS-14 160 2? I N I6 --- 6 Is
220 47 11,1-16 240 64 6 N 24 1- is1
all 4? PS-14 Igo 2? I N is --- S 10
222 4? PS-17 s0 64 a N 24 - 1.26 10
223 47 18-20 s0 64 0 N 24 .20-.16 1.16 101
124 4? P6-II so 64 6 N 24 -- 12
226 4? FS-22 240 263.66 10.6 N s0 WTt;I 3.119 14
226 4? F3-23 60 263.66 10.6 N s0 WTv31I I'll to
221 4? OS-1 so I I x --- 6 4

22 ? 03-4 Ns 6 t 1.26 3.6
33 7 36 o I --- a 2.6

231 41 03-6 Is I N 6 --- 1.26 I.s
232 47 08-1 to I I x6 ..- a 1.6
233 4? OS-S is I 2 N a I- 1s 26 1.6
234 4? 03-10 Is I 2 x 6 ---. 26 2

:36 63 061 A 1.2 Q.5 1.76 N 3.26 --- 0.1104 623 3 3 a62 0.6 1.71 X 3.25 .- 0.1106
23? 03 C 1.6616 0.6 I.76 N 3.26 *--- 011

22 30 1.16 0.6 11.15 N 3.26 --- SAW63 6236 63 062 A 1.6216 0.5 1.F5 X 2.26 --- 0.1700240 63 a 11126 0.6 1.16 X 3.25 --- 0.1106241 63 C 1.6616 0.6 1.76 N 3.26 --- 0.11726
242 63 0 1.?6 0.6 1.16 N 3.26 --- 0.143?6
243 63 063 A 1.626 0.6 11.76 N 3.26s - .10

24a6 11425 0.6 1.76 N 3.26 - 0.1106 a246 63 C 1.6616 0.5 1.76 N 3.26 --- GAMI1 6246 63 0 1.16 0.6 1.?6 N 3.26 --- 012
241 6 004 A 1.016 0.6 1.16 N 3.26 --- 0.1106 6.6

24 63 a 1.626 0.6 1.15 X 3.26 -- 0.1106 6.1249 63 C 1.65 0.6 1.?$ N 3.26 O- .111 6.260 63 0 1.6 0.6 1.76 N 3.25 --- 013 .
06 3 0e6 A 1.626 0.5 1.16 X 3.256 - 0.1106 0.525~2 63 a 1.626 0.6 1.16 N 3.25 8 0.1706 6.6263 63 C 1.6616 0.6 1.76, X 3.26 --- 0.l?71 .6.154 63 0 1.76 0.6 1.76 X 3.26 --- 0.183? 6.6266 63 066 A 1.026 0.5 1.15 X 3.26 --- 0.1706 5.6266 63 a 1.625 0.6 1.16 N 3.25 --- 0.1106 6.625? 61 C 1.6616 0.5 I.75 N 3.26 --- 0.71 .6as& 63 0 1.76 0.6 1.75 N 3.26 --- 0.63 .6

256 63 051A 1.2 0.5 1.15 N 3.26 --- 0.1706 6.6*.260 63 6 1.625 0.6 1.15 N 3.26 --- 0.1706 6.6261 63 C 1.6675 0.5 1.76 N 3.26 --- 0.177 6.6a62 63 0 1.76 0.5 1.76 N 3.26 - 0.183? 6.6263 63 066 A 11625 0.6 1.76 N 3.26 --- 0.1706 .6.264 63 a 1.626 0.6 1.16 N 3.26 -- .170e 6.
SOS 63 C 1.6016 0.6 I.?J X 3.25 --- 0.1712 6.6
24? 63 066 A 1.426 0.5 1.75 N 3.25 - 0:17:6 .S66 63 0 1.*& 0.6 1.?$ N 3.26 --- 0.1701 6.6

al N3c 14? . 1? 3.26 --- 0.1172 6.6270 63 0 1.15 0.6 1.16 N 2.26 - 0.183? 6.6K211 63 0610 A 1.626 0.6 1.76 N 2.25 ... 0.17066
b.272 63 6 I . Wt 0.6 1.76 N 3.15 --- 0.106273 63 C 1.6676 0.s 1.16 N 3.26 ... 0.1A2M
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" TW""¶, 3 CONCRETC WI(W+C'a RE6AR REBAR DAMOGE,"tillts l,3 (psi) RIW*Il/3 VEAT.C•n) HORIZ.(in)

-i-- I I

1.0460 6758 STEEL FIBERS TOT RAT2.0136 NO DAMAGE
0.6 74 7726 STEEL FIBERS TOT RAT:.0135 NO DAMAGE0.6260 8678 STEEL FIBERS TOT RAT=.0135 LIGHT SPALL
0.4655 7726 STEEL FIBERS TOT RATx.0136 MEDIUM SPALL TO SEVERE
0.4095 8658 STEEL FIBERS TOT RAT".0136 BREACH
0.9850 6666 STEEL FIBERS TOT RATz.0136 NO DAMAGE0.7015 1902 3TEEL FIBERS TOT RAT2.0066 NO DAMAGE0.725T 6616 STEEL FIBERS TOT RATm.0066 THRESIIOLD OR NO DAMAGE0.6829 7100 STEEL FIBERS TOT RAf:.0066 LIGHT SPALL
0.6629 s66e STEEL FIBERS TOT RAT:.0068 LIGHT S,)ALL
0.6594 6511 STEEL FIBERS TOT RAT2.006S MEDIUM SPALL

0.2917 56800 RATz.Oj123 RATz.00123 HAIRLIKE FLEXURE
0.2917 5500 RAT=.C.,OI3 RAT;.00123 HAIRLIKE FLEXURE0.3889 5800 RAT:.0CI23 RATm.00123 HAIRLIKE FLEXURE
0.1667 5800 RAT2.0CI67 RATs.00119 BREACHED
0.291g 5800 RATz.0O5123 RATz.00123 HAIRLIKE FLEXURE
0.3869 6600 RATz.00123 RATm.00123 THRESHOLD SPALL

? 5600 ? HAIRLIKE CRACKS, FLEXURE0.3333 5500 RAT:.0016 RAT.00146 HAIRLIKE CRACKS
0.4444 5800 RAT:.0018 RATs.00146 NO DAMAGE0.3333 5800 RAT-.0018 RAT*.0OfI4 HAIRLIKE FLEXURE

F. 0.2778 5800 RATe.002S RATt.0026 HAIRLIKE FLEXURE0.2083 5600 RAT=.0025 RATm.0026 THRESHOLD SPALL/MEDIUM FLEXURE0.2083 5500 0.74074074 RAT:.0025 RATa.0025 BREACHED
7 5600 RATs.002S RATs.0026 LIGHT SPAuLLFLEXURE SKIP__ 0.162 5600 2.64342771 RATx.00123 RAY:.00123 MEDIUM SPALL
0.208 5800 0.99160321 RAT=.0018 RATx.00146 BREACHED BIG AREA0.3333 5000 RATz.0018 RATc.00146 NO DAMAGE

0.2017 5000 RAT:.00123 RAT.00123 NO DAMAGE0.2917 5000 RATs.00123 RATm.00i23 NO DAMAGE
0.2063 5000 RATm.002S RAT:.0026 . NO DAMAGE0.2083 5000 RAT-.0025 RATt.0026 NO DAMAGE0.2083 5000 RAT:.0026 RAT*.0025 NO DAMAGE
0 0.2083 5000 RAT:.0026 RAT:.0026 NO DAMAGE
0 1667 5000 RAT-.00187 RATs.0019 HAIRLIKE FLEXURE
0.8399 IS35 03 0 9 " 3 0 15" THRESHOLD
0.6339 1535 03 * 9" 03 1 16" NI) SPALL0.5399 1535 03 * 9" 03 0 16" NO 8PALL
0.8399 1535 03 6 9" 03 0 15" NO $PALL0.5399 1535 03 90" 03 0 16" THRESHOLD
0.8399 153S 03 0 9" 03 0 16" NO $PALL
0.8399 1535 03 0 9" 03 0 IS" NI) SPALL
0.4399 1535 03 t 9" 03 0 15" NO SPALL0.8349 1535 03 S 9" 03 6 16" THRESHOLD
0.6399 1535 03 90" 03 0 16" NO SPALL
0.3399 1535 03 S 9" 63 S 16" NO SPALLC0.a3d 1535 03 0 9" 03 0 16" NO SPALL
0.6824 1535 03 S 9" 03 S 15" MEDIUM SPALL 2.78" DEEP0.6024 1535 03 8 9" 03 0 15" MEDIUM SPALL 2.76" DEEP
0.6824 1535 03 0 9" 03 0 IS" THRESHOLD
0.4624 1535 03 t 9" 03 * 16" THRESHOLD0.6024 1535 03 9 9" 03 0 IS" THIE8HOLD0.6824 1535 03 0 9" 03 0 15" MEDIUM SPALL 2.86" DEEP0.60824 1535 03 0 9" 03 0 15" THRESHOLD0.6024 1;531 3 : 0" 03 0 15" THRESHOLD0.6024 1535 03 0 9" 03 6 16" MEDIUM SI'ALL 2.88" DEP0.3824 1535 03 .0" 03 * 16" THRESHOLD

0.6824 64S5 03 0 9" 03 4 16" MEDIUM SIPALL 3" DEEP
0.624 5435 03 v *" 03 6 15" THRESHOLD
0.6824 64635 3 6 0" 03 15" THRIESHOLD0.0024 6485 03 0 0" 03 0 15" THRESHOLD0.6824 6485 03 9 9" 03 • 16" MEDIUM SPALL 3" DEEP
0.6024 6485 03 6 9" 03 0 16" THRESHOLD
0.0624 8485 03 6 9" 03 0 16M THRESHOLD
0.6024 6485 03 * 9" 03 0 16" THRESHOLD
0.6024 6468 03 0 0" @3 0 IS" THRESHOLD0.4024 6485 03 0 9" 03 0 15" THRESHOLD

0.6524 6485 03 1 9" 03 4 IS" MEDIUM $PALL 3" DEEP
0.6C24 6405 03 6 9" 03 6 16" THRESHOLD
0.6024 6465 03 t 0" 03 0 I" THRESHOLD0.525 6405 03 0 9" 03 6 16" SEVERE SPALL
0 525 640S 03 0 9" #3 0 16" SEVERE $PALL1 0 525 8465 03 0 9" 03 6 15" SEVERE SPALL
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POINT REFERENCE TEST A W Ctnt) 0OMB SIZE CASING R/WSIl/3 T

(in) (Ib) O0 (in) X Ht. (in) (in) ft/IbaSI/3 (in)

I--------I--I. . .I I - ------- II --- ------ I --------

II I I

274 63 0 1,76 0.5 1.75 X 3.25 --- 0.1837 6
275 63 Doll A 1.626 0.5 1.76 X 3.26 --- 017006 5
2?6 63 B 1.626 0.5 1.7s X 3.25 --- 0. 1706 6
2?7 63 C 1.6675 0.6 1.76 X 3.25 --- 0. 1772 6
27S 63 0 1.76 0.6 1.75 X 3.25 --- 0.1837 6
2?9 63 0812 A 1.626 0.5 1.75 X 3.26 --- 0.1706 6
260 63 a 1.625 0.5 1.75 X 3.25 --- 0. 1706 6
261 63 C 1.6676 0.6 1.75 X 3.25 --- 0.1772 6
262 63 0 1.76 0.6 1.76 X 3.25 --- 0.1637 6

263 63 0616 A 1.626 0.5 1.75 X 3.26 --- 0.1706 4.6
264 63 B 1.625 0.6 1.75 X 3.26 --- 0.1706 6.6
265 63 C 1.6676 0.5 1.76 X 3.25 --- 0.0919 6.6
206 63 0 I.76 0.5 1.76 X 3.25 --- 0.0919 6.6
267 63 081? A 1.626 0.6 1.75 X 3.26 --- 0. 1706 5.5
268 63 B 1.626 0.5 1.76 X 3.26 --- 0.1706 6.6
289 63 C 1.6676 0.6 1.76 X .1.26 --- 0.0919 6.6

290 63 0 1.75 0.5 1.75 X 3.25 --- 0.0919 6.6
291 63 0818 A 1.626 0.6 1.75 X 3.26 --- 0.1706 6.6

S292 63 B 1.626 0.6 1.75 X 3.26 --- 0.1706 0.6
293 63 C 1.6675 0.5 1.76 X 3.25 --- 0.0919 :6.6
294 63 0 .76 0.6 175 X 3.26 --- 0.0919 6.6

295 63 0813 A 1.626 0.6 1.75 X 3.25 --- 0.1706 6.6
296 63 B 1.625 0.6 1.76 X 3.26 --- 0.1706 6.6
297 63 C 1.1!;7 0.5 1.75 X 3.25 --- 0.1772 6.6
296 63 D 1.75 0.5 1.76 X 3.26 --- 0.1772 6.6
299 63 E 0.676 0.6 1.75 X 3.26 --- 0.0919 6.1
300 63 0814 A 1.626 0.5 1.76 X 3.25 --- 0.1706 6.6

301 63 8 1.626 0.6 1.76 X 3.25 --- 0.1706 6.6
302 63 C 1.6676 0.6 1.76 X 3.26 0.1772 6.5
303 63 0 1.76 0.5 1.7 X 3.25 0.1772 6.6

304 63 E 0.676 0.6 1.76 X 3.26 --- 0.0919 6.6
306 63 0815 A 1.626 0.6 1.75 X 3.26 --- 0.1706 6.1
306 63 a 1.626 0.6 1.75 X 3.23 --- 0.1706 6.6
307 63 C 1.6676 1.6 1.7T X 3.26 --- 0.1772 6.I
306 63 0 1.76 0.6 1.75 X 3.26 --- 0.1772 6.6
309 61 E 0.876 0.6 1.76 X 3.26 --- 0.0919 6.6
310 63 26 A 1.626 0.5 1.76 X 3.26 --- 0.1706 6
311 63 8 1.62: 0.6 1.76 X 3.26 --- 0.170:

312 63 C 1.6767 0.6 1.76 X 3.26 0.1772
313 63 0 1.76 0.6 1.76 X 3.26 --- 0.1637
314 63 26 A 1.626 0.6 1.76 X 3%.26 --- 0.1706
315 63 1.626 0.6 1.6 X 3.25 --- 0.1706
316 63 C 1.6076 0.6 176 X 3.26 0.1772
317 63 0 1.76 0.6 1.75 X 3.26 --- 0.1637 a

318 63 27 A 1.626 0.6 1.76 X 3.26 --- 0.1706 8
319 63 8 1.626 0.6 1.75 X 3.28 --- 0.170S
320 63 C 1.676 0. 1.76 X 3.26 0.1772
321 63 0 1.76 0.6 1.76 X 3.26 0.1837 6
322 63 37 A 1.626 0.5 1.76 X 3.25 --- 0.1706 6
323 63 a 1.626 0.6 1.76 X 3.25 --- 0.1706 0

324 63 C 0.876 0.6 1.76 X 3.26 --- 0.0919 6

3260 0.875 0.5 16 2 3.26 --- 0.019
3A 0.625 0.6 7 X 3.26 --- 0.1706

327 63 8 1.625 0.5 1.76 X 3.26 -- 0.1706 4r 328 63 C 0.676 0.6 1.76 X 3.26 --- 0.0919 1
329 63 0 0.676 0.6 1.75 X 3.26 --- 0.0019 S
330 63 39 A 1.626 0.5 1.76 X 3.26 --- 0.1706
331 63 a 1.628 0. 1.7 X 3.26 --- 0.1706
332 63 C 0.5?6 0. 1.76 3.26 --- 0.0910
333 63 0 0.876 0.5 .75 K 3.25 0.0919 O
334 63 40 A 1.6 0.783 2" OIA X 3" LONG --- 0.1366
335 63 B 1.6 0.561 2" DIA X 3" LONG --- 0.1626 8

336 63 C 1.5 0.6 2 DIA X 3" LONG --- 0.1706 1
337 63 41 A 1.F 0.763 2" OIA X 3" LONG --- 0.1356 1
336 63 8 1.6 0.561 2" DIA X 3" LONG --- 0.1525 1
339 63 C 1.6 0.5 2" OIA X 3" LONG --- 0.1706 a

D12



"3 CONCRETE W/(W.C)a REBAR REBAR DAMAGE

,.". -.I2s 6485 8: (psi) :A11 SEVERE 1PALL
0.525 6485 03 0 9" 63 0 16" SEVERE SPALL
"0525 6485 03 0 9" 63 6 Is" SEVERE SPALL
0.525 6485 03 0 9" *3 0 15" SEVERE SPALL
0.525 6486 03 0 9" 03 0 15' SEVERE SPALL
0.525 64865 03 * 9" 03 151" SEVERE SPALL
0.525 6465 03 * 9" 03 0 15" SEVERE SPALL

0.525 6465 03 6 9" 63 4 15" SEVERE SPALL

0.6824 4100 03 0 9"* 03 I 16" THRESHOLD
0.5824 4100 03 6 9" 03 0 15" THRESHOLD
0.6824 4 100 03 0 9" 03 • 16" SEVERE SPALL',0.6624 4100 03 4 g" #3 0 15", SEVERE SPALL
0.6824 4100 03 S 9" 03 0 16" THRESHOLD'
0.6824 4100 62 6 9" *3 S IS" THRESHOLD
0.6:24 4100 03 S 9" 0a 0 16" SEVERE SPALL
0.6824 4100 03 : 9" 33 : 15" SEVERE SPALL
0.6824 4100 03 1 9" 03 * 15" THRESHOLD
0.6824 4100 03 0 9" 03 * 15" THRESHOLD
0.6824 4100 03 0 9" 03 0 15" SEVERE SPALL
0.6824 4100 63 1 9" 03 0 15" SEVERE SPALL

0.6824 3975 03 0 9" *3 0 15" 4O DAMAGE
0.6824 3975 03 S 2" 03 0 15" NO DAMAGE
0.6624 3975 03 0 9" 63 1 15" THRESHOLD0.6824 3975 03 0 9" 03 0 15" THRESHOLD
0.6624 3975 03 1 9" 03 0 15" MEDIUM SPALL
0.6824 3975 03 0 9" 03 0 1S" NO DAMAGE

r. 0.6824 3975 03 0 9" 03 0 15" NO DAMAGE
0.6824 397S 03 6 9" 03 1 i5" THRESHOLD
0.6624 3975 03 0 9" *3 0 16" THRESHOLD"0.6824 3975 03 0 9" *3 0 15" MEDIUM SPALL
0.6624 3975 63 0 9" 03 4 15" NO DAMAGE
0.6824 3975 63 1 9"o 03 e 1S" NO DAMAGE
0 6024 3975 03 0 9" 63 0 15" THRESHOLD
0.6624 3975 03 0 9" 03 0 15" THRESHOLD
0.6824 3975 03 0 9" 63 0 15" MEDIUM SPALL
0.8399 4000 03 0 9" 03 0 161" NO SPALL TO THRESHOLD
0.8399 4000 03 0 9" 03 0 160 NO SPALL TO THRESHOLD
S"0.8399 4000 03 111 9" 03 0 15" NO SPALL TO THRESHOLD
S0.8399 4000 03 111 9" 43 0 16" NO SPALL TO THRESHOLD
, 0.8399 4000 03 0 0" 03 15m NO SPALL TO THRESHOLD
0.6399 4000 03 0 16" NO SPALL TO THRESHOLD
0.8399 4000 63 0 9" 63 S 16" NO SPALL TO THRESHOLD
0.8399 4000 63 • 9" 63 0 15" NO SPALL TO THRESHOLD
0.8399 4000 63 0 9" 63 6 16" NO SPALL TO THRESHOLD
0.8399 4000 63 0 9" 03 & 1I" NO SPALL TO THRESHOLD0.8399 4000 03 0 9" 63 0 15" NO SPALL TO THRESHOLD
0.8399 4000 03 • 9" 03 • 15" NO SPALL TO THRESHOLD"0.8399 4000 03 1 9" 63 0 15" NO SPALL TO THRESHOLD
0.8399 4000 03 0 9" 03 9 15" NO SPALL TO THRESHOLD
0.8399 4000 03 0 9" 03 0 16" MEDIUM SPALL
0.8399 4000 03 1 9' k3 0 15" MEDIUM SPALL
:0.399 4000 03 0 9" 03 : 11" NO SPALL TO THRESHOLD

S0.6399 4000 63 e 9" 03 0 16" MEDIUM SPALL0.8399 4000 03 6 9" 03 0 16" MEDIUM SPALL
0.6399 4000 03 0 9" 03 0 15" NO SPALL TO THRESHOLD
0.8399 4000 03 0 9" 03 6 16" NO SPALL TO THRESHOLD;' ' ~~~0.8399 4000 03 0 9" 3•1"N1,ALT HEHL
0.8399 4000 63 0 9" 63 0 16" MEDIUM SPALL

00.8399 4000 3 0 9" 03 0 15" MEDIUM SPALL0 0.723 4000 03 0 9" 03 0 IS" MEDIUM $PALL
0.813 4000 03 0 9" 03 0 15" MEDIUM SPALL

0.8399 4000 03 0 9" 03 0 16" NO SPALL TO THRESHOLD
0.723 4000 03 0 9" 63 0 15" MEDIUM SPALL
` 0.813 4000 03 0 9" 03 0 15" MEDIUM SPALL

*. 0 8399 4000 03 0 9" 03 0 15" MED-UM SPALL
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POINT REFERENCE TEST R W (tnt) BOMB SIZE CASING R/W*21/3 1
(in) (Ib) 10 (in) X Ht. (in) (in) f111bs*1/3 (in)-" I !I ii{. . . .

340 63 43 A 1.6 0.763 2" DIA X 3" LONG --- 0.1366 a
341 63 6 1.5 0.651 2" DIA X 3" LONG --- 0.1626 a
342 63 C 1. 0.5 22 CIA N 3" LONG 0.1106 B
343 63 D 1 625 0.6 1.76 X 1.75 X 3.2 --- 0.1706 6
344 63 44 A 15 0.183 2" OIA N 3" LONG --- 0.136
345 63 B 1.5 0.651 2" CIA N 3" LONG 0.1525 6
346 63 C 1.5 0.6 2" CIA X 3" LONG "-- 0.1706 a
347 63 D 1.625 0.6 1.76 N 1.76 X 3.2 --- 0.1706 a

346 63 61 A 1.626 0.6 1.75 X 1.76 X 3.2 --- 0.1706 5

349 63 8 1.625 0.6 1.75 X 1.75 X 3.2 --- 0.1706 5
350 63 C 1.6876 0.5 1.TS X I.75 X 3.2 --- 0.1772
361 63 D 2.125 0.6 1.75 X 1.76 X 3.2 -- 0 .2231 5

362 63 62 A 1.626 0.6 1.76 X 1.75 X 3.2 --- 0.1706 5
353 63 a 1.625 0.6 1.75 X 1.75 X 3.2 --- 0.1706 6
364 63 C 1.6875 0.5 1.75 X 1.76 X 3.2 --- 0.7172 6
356 63 D 2.125 0.6 1.76 X 1.75 X 3.2 --- 0.2231 5
356 63 63 A 1.625 0.6 1.76 X 1.75 X 3.2 --- 0.1706 S
35? 63 a 1.625 0.6 1.75 X 1.76 X 3.2 --- 0106 5
356 63 C 1.6676 0.5 1.76 X 1.75 X 3.2 --- 0.1772 5
369 63 D 2.125 0.6 1.76 X 1.7 X 3.2 --- 0.2231 5
360 63 67 A 1.626 0.6 1.75 X 1.75 X 3.2 --- 0 .170
361 63 8 1.625 0.6 1.75 X 1.75 X 3.2 --- 01706 5
362 63 C 1.75 0.6 1.75 X 1.75 X 3.2 --- 0.1772
363 63 D 1.876 0.5 1.75 X 1.76 X 3.2 --- 0.2231 5
364 63 68 A 1.625 0.6 1.7S X 1.75 X 3.2 0.1706 5
366 63 8 1.625 0.6 1.75 X 1.75 X 3.2 --- 0.1706 5
3s6 63 C 1.75 0.5 1.75 X 1.76 X 3.2 --- 0.1772 5
367 63 0 1.675 0.6 175 X 1.75 X 3.2 --- 0.2231 5
368 63 60 A 1.625 0.5 1.75 N 1.76 X 3.2 --- 0.1706 6
369 63 1.625 0 1.75 X 175 X 3.2 0.1706 5
370 63 C 1.7 0.5 76 N .75 X 3.2 0.1072 V
371 63 D 1.875 0.6 1.75 X N.76 X 3.2 0.2231 S

372 64 1 ?.143 436.4 24"DIA X 12*I"10 16 0.0753 s0

373 64 2 7.678 695.06 30"OIA X 12"HIGH 16 0.0706 60
374 64 3 11.364 229S.S6 40"0IA X 10"HIGH 16 0.077 64
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T,/W-9 T/3 CONCRETE WI(WC)I* REBAR REBAR DAMAGE

I ftL a 1/3 pm a fl/Wa a1/3 VERT (i n OR I Z (In)

rnK
0.123 4000 03 1 9" 03 0 16" MEDIUM SPALL

0.:13 4000 63 • 9" 03 0 16" NO :PALL

0.6399 4000 03 0 9" 03 6 16" NO SPALL

0.1399 4000 03 a 9" 03 1 16" NO SPALL

0.123 4000 03 e 9" 03 6 16" MEDIUM SPALL

0.813 4000 03 1 9" 03 * 16" NO SPALL

0.8399 4000 03 * 9" 03 0 15" NO SPALL

0.8399 4000 03 a 9" 63 0 16" NO SPALL

0,5S 400 3 •9" 3 •15"MEDIUM SPALL
0.525 4000 03 * 9" 03 15S" MEDIUM SPAL.

0.626 4000 03 a 9" 03 0 16" MEDIUM SPALL

0.626 4000 03 a 9" 03 0 i5" MEDIUM SPALL

0.526 4000 03 0 9" 03 0 16" MEDIUM SPALL

0.525 4000 03 0 9" 03 6 16" MEDIUM SPALL

0.526 4000 03 * 9" 03 0 16" MEDIUM SPALL

0.526 4000 03 * 9" 03 0 16" MEDIUM SPALL

0.626 4000 03 1 0" 03 0 Is" MEDIUM SPALL
0.626 4000 03 f 9" 03 0 16" MEDIUM SPALL

0.626 4000 03 0 9" 03 0 15" MEDIUM SPALL

0.626 4000 03 0 9" 03 0 16" MEDIUM SPALL

0.626 4000 03 1 9" 03 .10 " MEDIUM :PALL

0.626 4000 03 0 9" 03 0 IS" MEDIUM SPALL
0.626 4000 03 0 9" 03 . 16" MEDIUM SPALL
0.626 4000 03 * 9" 03 0 16" MEDIUM SPALL

0.626 4000 03 * 9" 03 0 16" MEDIUM SPALL

0.526 4000 03 0 9" 03 0 15" MEDIUM SPALL

0.526 4000 03 1 9" 03 0 15" MEDIUM SPALL

0.626 4000 03 0 9" 03 1 15" MEDIUM SPALL

0.626 4000 :3 a 9" 03 * 15" MEDIUM SPALL
0.526 4000 #3 * 9" 03 • 16" MEDIUM SPALL

0.626 4000 03 • 9" 03 0 16" MEDIUM SPALL

0.526 4000 03 0 9" 03 0 16" MEDIUM $PALL
0.526 4000 03 a 9" 03 0 16" MEDIUM SPALL
0.626 4000 03 0 9" 03 0 16" MEDIUM SPALL

0.6662 4000 0.07549311 #6 0 9" 06 5 9" SEVERE SPALL.3S"CRATER.BREACH

0.6186 4000 0.07666024 06 a 6,18" 06 0 6,18" BREACHED

0.6304 4000 0.07666126 06 * 0.18" 06 * 6.18" BREACHED
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